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ABSTRACT 
A new method, simulation analysis, is developed which analyzes the 
structural effects of the sequence of adding members and loads during 
construction or repair. Also, a new scheme for equation solving based on 
interaction between objects is presented. A computer program which 
performs simulation analysis using this equation solving scheme is 
implemented through an object oriented model encoded in C++. 
Simulation analysis is an incremental method based on the stiffness 
formulation of finite element analysis. By including the construction 
sequence of a structure, simulation analysis provides more realistic results. 
The structural effects of different construction practices can be included in 
this analysis. A rational analysis of the 'sequential dead load application 
problem' can be done using this approach. 
The object oriented model performs equation solving by interaction 
between objects. In this equation solving scheme, the global stiffness, 
force, and displacement matrices are replaced with objects which 
encapsulate the relationships described by these arrays. Only non-zero 
relationships between degrees-of-freedom are modeled in a network-like 
data structure. Equation solving is performed by propagating changes to 
connected objects along the network. This model can easily re-solve a 
structure when small changes take place and so is ideally suited for 
incremental formulations. 
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The construction of a three story, two bay braced steel frame is 
solved as an example problem. A construction sequence is chosen based on 
typical construction practices. Comparison of the results with conventional 
analysis shows differences in displaced shapes, moment distributions in 
beams, and loads in bracing members. The conventional analysis feature 
of the program yields results which are practically identical to results from 
commercial finite element packages. This validates the new equation 
solving scheme. 
Simulation analysis can be used for comparing possible construction 
sequences, evaluating incomplete structures, analyzing effects of 
construction loads, estimating deflections during construction etc. The 
equation solving scheme can be applied in other problems which require 
solving real, positive definite, symmetric, sparse matrices. The object 
oriented model developed in this research can be used as an analysis 
engine in other software such as optimization and structural design. 
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CHAPTER 1 
INTRODUCTION AND DESCRIPTION OF 
PROBLEM 
1.1 Context 
Traditional structural analysis procedures for common structures 
analyze only the final configuration of the structure and ignore the process 
that builds the structure to that configuration. The analysis of the finished 
structure assumes, for the most part, that the structure is undeformed and 
stress-free in the completed configuration before loads are applied. This 
analysis model, however, fails to address some problems of real concern 
during construction or repair of the structure. In certain types of 
construction, where critical loading conditions are reached during 
construction, specialized analysis is performed. 
Many researchers working on this area have primarily investigated 
the problem of error in dead load distribution arising from ignoring the 
construction sequence. However this and other errors appear because the 
analysis model does not accurately reflect the construction sequence of the 
structure. Therefore a rational solution is to modify the analysis model 
such that structural behavior is more closely simulated. 
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1.2 Need for new approach 
Many construction analysis problems are handled empirically or with 
handbook formulas since usually the structural analysis methods do not 
model the construction process closely. In certain types of construction, 
such as, prestressed segmental bridge construction and in forensic 
engineering applications, specialized analysis methods are developed for 
specific problems. New developments in software and widespread 
availability of powerful personal computers now make it possible for these 
problems to be addressed rationally. Computer models which simulate the 
structure allow analysis to be flexible and incorporate real problems into 
the overall model. 
1.3 Terminology 
To avoid confusion, the terminology used in this study needs to be 
clarified. A stage or step is one cycle of analysis in the incremental 
formulation used to model the construction process. The construction 
sequence is the order in which members are added or changed and loads 
are applied to the structure. A structural configuration is the form of 
the structure at any point in the construction process. The state of a 
structure or member is the condition of the stresses and strains (and 
consequently loads and deformations) of that structure or member. 
Application of loads modify the state of a structure but the configuration is 
only changed when members are added or altered. 
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1.4 Problem Formulation 
To model a structure that 1s changing, an incremental formulation 
must be used. Based on a finite element stiffness approach, the following 
strategy can be set forth. At each stage the current (or tangent) stiffness 
of the structure must be found. The loads applied at that stage are then 
added to the model. Increments of displacements at the nodes and 
deformations of the elements are calculated. The displacements at the 
nodes or deformations of the elements can be found by summing 
increments from all stages. 
The straight-forward 'brute-force' application of this strategy is to 
treat each stage as a one step analysis and sum the results of all the 
stages at each node and element. This approach is undesirable for the 
following reasons, 
a. It is highly inefficient since assembly and sol uti on of all the 
equations are repeated at every stage. 
b. It is not suited for flexible or interactive analysis since there is 
no easy way of accounting for changes to a small part of the 
structure. 
c. This approach cannot accommodate anything but a strictly first 
order approach since deformations and displacements of the 
structure at any stage cannot be incorporated into the analysis 
model. 
A number of researchers, notably Saffarini and Wilson (Saffarini, 
1983), have proposed methods which make this method more efficient. But 
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these are also first order models which are based on undeformed position of 
nodes and elements. This means the cumulative effect of deformation 
during the construction as well as p-delta effects cannot be modeled using 
these methods. 
A more general and flexible approach needs to be developed. In the 
analysis method presented in this study, the model is designed to simulate 
the structure very closely allowing any changes in the structure 
configuration to be incorporated. Loads can be applied at any point in the 
structure at any stage and stiffness characteristics of existing members 
may be changed. Also, further development of the method to incorporate 
new features into the model is supported. 
1.5 Why use an Object Oriented Paradigm ? 
This is a question that invariably arises when new finite element 
code is developed. Obviously there are reliable finite element code 
developed in procedural languages such as FORTRAN or C. As such, is 
there any purpose in developing more finite element software ? Since the 
finite element method works in the procedural paradigm, why change ? 
Enforced encapsulation, polymorphism, code reusability and 
extendability inherent in the object oriented approach make the task of 
designing, encoding and debugging large software easier. This is even 
more true of simulation oriented programs. The advantages of an object 
oriented approach in developing complex engineering software is discussed 
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in detail in Sec. 2.3 . The primary reason behind developing new software 
is that the proposed analysis method requires programs of fundamentally 
different organization than currently available programs. Customizing 
currently available code will not give the amount of flexibility that is 
needed. Additionally, an object oriented approach is chosen because this 
takes less effort to produce reliable software for complex problems. 
1.6 Why use C++ ? 
Once the choice is made for usmg an object oriented approach for 
developing the program, the natural choice for development language is 
C++. It is widely used and available in many different platforms and 
produces efficient code. SmallTalk, ObjectPascal, and Objective C are the 
other languages that could have been chosen. Some of these languages, 
such as SmallTalk, do provide a better purely object oriented environment, 
while C++ supports both object oriented and procedural approaches. 
However, wider usability, especially on a personal computer, and more 
software support is available for C++. Most finite element method 
literature is developed with a procedural language in mind. Even though 
the overall model is developed with the object oriented approach, the dual 
paradigm available in C++ is useful. 
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CHAPTER 2 
LITERATURE SURVEY 
2.1 Need for Construction Simulation 
Construction simulation has been identified (lbbs, 1986) by the 
construction industry as one of the areas where the need for research 
exists. As the construction industry is trying to enhance competitiveness, 
the role of computers and related technologies have become increasingly 
important. The need for integration between different professionals 
working on a given construction project and the role computers can play in 
this process has been acknowledged (Wright, 1988) and a number of 
authors (Reinschmidt, 1987) have outlined broad strategies to achieve this 
goal. 
Finally, there is growing realization (King, 1987 ; Stukhart, 1987) 
that the designer also has responsibility in constructability issues. It is not 
uncommon for the structural designer to become legally liable for damage 
due to decisions typically left up to the fabricator or erector. By allowing 
better evaluation of the construction process and constructability of design, 
construction simulation can help reduce possible conflicts and enhance 
quality of the constructed structure. 
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2.2 Sequential Dead Load Application Problem 
Inaccuracies in analysis arising from applying the entire dead load 
to the completed structure have been recognized (Fintel, 1974 ; Xueyi, 
1993). A number of researchers have investigated the errors in dead load 
distribution in the conventional analysis method, generally referred to as 
the 'sequential dead load application problem' in literature. A recent study 
(Choi, 1992), developed an empirical formula for correction factors to 
compensate for this problem in tall buildings. 
Saffarini and Wilson (Saffarini, 1983) investigated this problem and 
developed software based on the SAP-81 structural analysis package 
(Wilson, 1980). Their analysis method used a modified frontal solution 
approach and defined the parts of the structure under construction as the 
'front'. Since the dead loads considered at each stage come from the new 
members added (i.e. active degrees-of-freedom on the front), condensed 
degrees-of-freedom are not disturbed. Only condensation is necessary at 
each stage and back substitution is done only at the very last stage. This 
method is quite efficient as compared to the 'brute-force method' and yields 
the dead load stresses in the just-completed structure. 
2.3 Object Oriented Programming and Finite Element 
Method 
Recent advances in software technology, such as Object Oriented 
Programming (OOP), Knowledge Engineering, Object Oriented DataBases 
(Garrett Jr., 1990 ; Arora, 1988 ; Powell, 1988 ; Miller, 1987) and the 
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widespread public availability of powerful computers have spawned a 
number of new ideas and tools in the civil and structural engineering field. 
One of the most notable emerging ideas has been the application of 
OOP technology in Finite Element Method (FEM) analysis. A number of 
researchers (Lee, 1991 ; Fenves, 1990) have illustrated the advantages of 
using OOP in complex engineering software. Primary advantages 
mentioned are, 
a. Enforced encapsulation in OOP allows a better decomposition of 
complex problems. 
b. Template and inheritance in OOP allow software reuse. 
c. Inheritance provides a mechanism of extending capabilities of the 
software without rewriting previous code. 
d. Dynamic binding (and polymorphism) allows easy to understand 
code and interface design. 
Because of these reasons, quite a few researchers have developed 
FEM software using OOP. Forde et. al. (Forde, 1990) developed two FEM 
based structural analysis packages, Object NAP and NAP, a conventional 
package for comparison. The development effort was sharply reduced while 
the software was of comparable merit. Tiller developed a OOP based FEM 
class library (Tiller, 1993), primarily for higher order heat transfer 
problems, that may be extended for other types of problems. 
Other researchers have proposed solutions to problems combining the 
advantages of OOP and FEM such as : Automated Design (Kim 1993), 
Integration of Design process (Reymendt, 1993) and CAD based automated 
analysis (Fink, 1993). 
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CHAPTER 3 
STUDY OF A STEEL FRAME 
3.1 Introduction 
This study was done before developing the new method in order to 
determine if there was sufficient need for a more accurate structural 
analysis model. To illustrate the structural effects of the construction 
sequence in analysis, a commonly used structure was analyzed twice - with 
and without accounting for the construction sequence. The effect of the 
construction sequence was incorporated into the structure through a first-
order incremental analysis approach ( 'step-by-step method' ). Then the 
results from two sets of analysis are compared. 
3.2 The Structure 
The structure chosen for this study is a ten story, three bay, moment 
resistant, braced frame used as a short direction interior frame in a 
building. The frame (Frame B) is a typical building frame originally 
designed at Lehigh in 1965 (Driscoll, 1965) and then redesigned to conform 
with the 1986 AISC-LRFD specifications (AISC, 1986) by Goren and 
Kostem (Goren, 1990). Figure 3-1 shows the dimensions and section 
details of this frame. 
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Figure 3-1 Frame B : Dimensions and Sections 
3.3 Methodology 
3.3.1 Assumptions 
The structure is analyzed twice using a commercial software 
package, SODA (Waterloo, 1990). Once by the conventional method of 
placing all the loads on the completed configuration of the structure. Then 
the structure is analyzed again by modeling the structure as it is being 
built. The following assumptions are used in both sets of analyses. 
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1. The spacing between two interior frames in the building is 24 ft. 
2. All beam-to-column connections are moment connections, and they 
are capable of transmitting all the forces and moments acting on 
them. 
3. All columns are adequately braced in the weak (out-of-plane) 
direction. 
4. Braces are pin-connected and act only in tension. 
5. All columns, beams and braces are rolled steel sections made of 
A36 steel (Yield stress = 36 ksi ). 
A few more assumptions are used for modeling different stages of 
construction. These assumptions are based on common construction 
practice. 
1. The structure is built one floor at a time. 
2. The column sections are spliced two floors at a time. 
3. The beam-to-column connections are initially partially complete 
and are finished later. The crew completing the connections trail 
the crew erecting the beams by three floors. Partially complete 
connections are modeled as pinned and completed connections are 
modeled as fixed. 
4. The bracing members are put m as the connections are being 
completed. 
5. Wind load and dead load act on the structure under construction. 
In addition an erection load is applied to the structure on the 
fifth floor after it is built, and then the erection load is gradually 
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removed. Live load IS applied to the structure when it is 
completed. 
Using these assumptions, the construction process Is divided into 
eleven steps. 
3.3.2 Loads and Load Combinations 
The following service loads are used on both sets of analyses on the 
structure. 
a. Dead load on floors 
b. Dead load on roof 
c. Live load on floors 
d. Live load on roof 
e. Lateral Wind Load 
Uniformly Distributed Load of 80 psf. 
Uniformly Distributed Load of 60 psf. 
Uniformly Distributed Load of 80 psf. 
Uniformly Distributed Load of 30 psf. 
Uniformly Distributed Load of 20 psf. 
Besides these loads, an erection load of 50 psf is applied to the fifth 
floor after it is erected. This load simulates material storage. The erection 
load is removed in four equal stages (12.5 psf each), as construction 
progresses and additional floors are built. Because it is a case of applying 
equal and opposite loading, this erection load has no effect on the results 
in a conventional one-step analysis. However the capacity of the beams 
carrying the erection load is checked through hand calculations, by 
assuming the beams to be simply supported. 
The following load combinations are used to find the capacity and 
response ratios of the members under given loads. The erection load is 
14 
treated as a live load in finding the load combinations. These load 
combinations conform to 1986 AISC-LRFD specifications. 
a. 1.4 Dead 
b. 1.2 Dead + 1.6 Live + 0.5 Roof Live 
c. 1.2 Dead + 1.3 Wind + 0.5 Live + 0.5 Roof Live 
3.3.3 Member Response Ratios 
Response ratios are the ratio of stresses (or stress-resultants) in a 
member from factored load combinations to the capacity of the member. A 
response ratio of one indicates that the member is loaded to the maximum 
allowable limit. A response ratio of less than one indicate that the 
member 1s not loaded to the maximum allowable limit. Procedures 
outlined m 1986 AISC-LRFD manual for calculating response ratios for 
beam-columns and axially loaded members are used for finding response 
ratios for different members in the structure. 
3.4 Results and Discussion 
3.4.1 Analysis Results 
The maximum response ratios of members in the two different 
analyses is tabulated and compared. Graphically these results are 
presented in Figures 3-2 and 3-3. In these two figures, members which 
have response ratios higher than 0.9 are identified, especially members 
with response ratios over 1.0 . 
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Response Ratio 
...... > 1.00 
0.95 - 1.00 
0.90 - 0.95 
< 0.90 
Figure 3-2 One-step Analysis Results for Frame-B 
Response Ratio 
...... > 1.00 
0.95 - 1.00 
0.90 - 0.95 
< 0.90 
Figure 3-3 Step-by-step Analysis Results for Frame-B 
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Figure 3-2 presents the results of conventional one step analysis. In 
this case, while some members have response ratios in the range 0.9 - 1.0, 
none exceed 1.0 . Since identical members are used in a series of floors, 
for convenience of construction, the high response ratios indicate members 
which control the design. 
Figure 3-3 presents the results of the step-by-step analysis. Here, 
even though the pattern of members with high response ratios are similar 
to the conventional analysis, more members are identified as having 
response ratios greater than 0.9. However more importantly, two members 
are identified as having a response ratio greater than 1.0. 
3.4.2 Discussion 
The differences in the two sets of analysis results originate from a 
variety of reasons. Examining more closely the two beam members which 
are shown to be unsafe by the step-by-step method, one has to conclude 
that two cases are very different. 
The beam in the fifth floor, first bay, (See Fig. 3-3) is over-stressed 
by construction loads. The simple hand calculation for the construction 
load in the first method relied on the conservative assumption that the 
beam was simply supported. However the flexibility and movement of the 
beam-to-column connections supporting this beam induced a higher level of 
stress. Since the step-by-step method actually applied the construction load 
to a more accurate model of the structure, these effects could be 
incorporated. 
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The roof beam, in the first bay, has conflicting analysis results 
because of the assumption made in the first analysis that the structure is 
in the completed configuration and stress-free before all loads are applied. 
In reality, as the structure is being built the lower floors are loaded 
significantly and have deformation long before the upper floors are even 
built. This effect of 'locked-in' stresses, is not taken into account in the 
conventional method. So there is significant difference between the two 
analysis results at the higher floors. It is also interesting to note that a 
higher response ratio is predicted by the second method for the beam at the 
tenth floor, in the first bay, just below the roof beam under scrutiny. 
Even though remodeling the structure at every stage provides a good 
solution for a first order approach, it cannot be used for higher order 
effects and accurate displacement estimates. For a model incorporating P-
Delta effects, instability and plasticity, the current total state as well as 
the incremental state of the members need to be available. In higher order 
analysis the stiffness at each stage depends on the total state of the 
members at that stage. 
3.5 Conclusion 
A step-by-step approach, which considers the structure as it is being 
built, does provide a significantly more accurate model of the response 
ratios of the members. A number of effects which could not be accounted 
for in the conventional method are incorporated in this approach. The 
safety of the structure during construction is checked substantially more 
rigorously. 
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In the frame structure studied, potential trouble spots, where safety 
of a member may be jeopardized, during construction and also during 
service life of the structure are identified by the step-by-step approach. 
This approach using existing conventional software does provide a better 
first-order model of the structure. However for a more general model 
which can incorporate higher order effects as well as the changing nature 
of the structure, new software need to be developed. 
19 
CHAPTER 4 
ANALYSIS METHOD 
4.1 Definitions : 
U ndeformed location of nodes at step i 
External forces applied to nodes at step i 
Location and force terms for new nodes at step i 
Total global displacements of nodes at step i 
Initial displacements of new nodes at step i 
Stiffness of new element j at step i 
Global stiffness matrix at step i 
Coordinate Transformation matrix for element j 
Internal forces applied to nodes at step i 
Displacements and Loads of element m at step i 
Prefix to denote increment at step i 
Tolerance for equilibrium convergence 
4.2 Conventional Stiffness Approach 
dxi , d/ , dei 
dxoi , dyOi , dooi 
k.i 
J 
R. 
J 
11 i u i 
-m' m 
The conventional stiffness approach is a one-step formulation. In 
contrast to incremental formulations, here the system of equations is only 
solved once. This method may be summarized as follows, 
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1. Displacement matrices are unknown and force matrix is 
initialized with applied loads. 
2. Creating all element stiffness matrices and coordinate trans-
formation matrices based on the undeformed locations. 
Rj = Rj( X, Y) 
kj = kj( X, Y) 
3. Assembling global stiffness matrix with transformed element 
stiffness matrices. 
K = ~R.T k- R· 
.£... J J J 
J 
4. Solving global stiffness matrix for total displacements. 
K d = f 
5. Calculating element responses from the displacements 
Urn = Urn ( d, Rrn ) 
These are the steps of a conventional first-order stiffness analysis. 
Once the element results are known the analysis is complete. 
4.3 Incremental Analysis Method Developed 
The incremental analysis method developed in this research can be 
summarized through the following steps. In the discussion, it is assumed 
that operations (e.g. addition) on different matrices maintain consistency of 
the degrees-of-freedom (DOF), creating new rows when new DOF are 
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created. For every step in the incremental analysis method, the following 
process is repeated. 
1. Updating new load increments and location of new nodes 
2. Creating stiffness matrices for new elements based on the 
deformed position of the nodes. Some new nodes may be assigned 
initial displacements based on the displacements of the existing 
nodes. Changes to stiffness matrices for existing elements may 
be processed similarly. 
Rj = Rj( Xi + dxi . 1 + dxoi yi + d i . 1 + d i ) y yO 
kl = kl Xi + dxi . 1 + dxoi yi + d i . 1 + d i ) y yO 
3. Updating global stiffness matrix. 
Ki = Ki · 1 + ~R.T k.i R. L.. J J J 
J 
4. Solving global stiffness matrix for incremental displacements. 
Ki Adi = Afl 
5. Updating element results 
A~i = ~ ( Adi , Rj) 
~i = ~i . 1 + A~i 
U i = U i. 1 + AU i 
m m m 
6. Calculate reaction applied to the nodes by the elements. For the 
DOF with unknown external forces (i.e. supports) the force 
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applied by the elements 1s used to find the external force 
(external reaction). 
ri = ~R T u i 
.£..,; m m 
m 
7. Perform equilibrium convergence check at unsupported DOF. 
Correct error by applying correction in the next step. 
if, at DOF j , I e/ I > o 
then apply correction, ~f.i+l = _ e.i J J 
8. Updating global displacement increments. 
4.4 Initial Position of Nodes 
An important part of the simulation is creating element stiffness at 
the displaced location of the nodes when they are added to the model. The 
displaced location of the nodes without initial displacement of new nodes 
can be further expanded as follows. 
This implies that the displaced locations of existing nodes and 
undisplaced positions of new nodes are used for determining kj and Rj . 
This is because no displacement of new nodes has taken place. However, 
during construction, the ends of new members are not necessarily forced to 
the design undisplaced location. 
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The cumulative displacement of a node is modeled only after it is 
created. However as construction progresses, the location where members 
are framed (as opposed to where they are supposed to be framed ) changes. 
As an example, consider a column line in a tall building. As columns are 
added and displacements take place, column-ends in the upper stories are 
erected below the design undisplaced positions. This is because of 
cumulative displacements of all the columns below that level. This effect 
will not be modeled if the new nodes are placed in the design undisplaced 
position. Thus initial displacements are included for new nodes. 
The initial displacements are defined based on the displacements of 
existing nodes. To find the initial displacements of a new node, a new 
member is chosen which frames into an existing node and the new node. 
The initial displacement of the new node is found by rigid body translation 
of the member from undisplaced to the displaced position of the existing 
node. Through this method an estimated initial displacement is found for 
the new node. 
This effect also depends on the type of construction. In steel 
construction where the members are fabricated according to the 
undeformed member lengths, the initial position of the new nodes should 
be estimated. Conversely, in reinforced concrete construction where the 
members are cast in-situ, the initial position of the new nodes may be 
taken as the undeformed position, but the member lengths should be 
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calculated to extend from the displaced position of the existing nodes to the 
undeformed position of the new nodes. 
4.5 Implementation of the analysis method 
An object oriented model is designed and programmed using C++ to 
perform this analysis. In principle, this analysis may be done using a 
conventional approach. However the technique of incrementing a term in 
any of the variable-sized matrices and then updating only those terms that 
need changing, would be very hard to develop using conventional software 
methods. An approach based on reforming and resizing the matrices at 
each step must be adopted which would make this method tricky to encode 
and comparatively inefficient. 
For a 'brute force' approach, the stiffness matrices must be reformed 
based on current deformations and total stresses at every step. Using 
tangent stiffness and incremental loads the whole system must be resolved 
at each step. Then the incremental results utilized to update the total 
results. This approach would require considerably more computer 
resources and also would be quite complicated to develop with the 
procedural computer languages. 
4.6 Equation Solving 
The solution of equations are performed by static condensation and 
back-substitution. All the equations (DOF) are statically condensed one by 
one until the last equation. Then that equation is solved and the rest of 
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the solution is found by back-substitution. This is the scheme followed by 
many equation solving techniques, notably the 'wave-front method'. 
Let us consider a system of equations consisting of dependent (to be 
condensed) DOF r a and independent DOF rb. 
kaa I kab 
----------------------------
1 
kba I kbb 
I 
Static condensation eliminates r a by modifying kbb and fb terms of 
the independent equations. At back-substitution r a is found from known 
values of rb . The procedure uses the following matrix equations. 
Consider the order of r a to be one. Then using these matrix 
equations, changes in the term at m-th column and n-th row of kbb and at 
n-th row of fb due to condensation process are as follows, 
Ak - kam kna 
Ll mn - - k 
a a 
26 
This is the approach followed by most static condensation based 
equation solvers. Usually the order of r a is one. The equation solver is 
linked to the assembly process such that the total number of equations 
considered at one time ('the wave-front') is kept to a minimum and the 
process 1s efficient. The wave-front or the frontal solution method is 
described by Bathe (Bathe, 1982) as, 
"(The wave-front procedure) in effect, consists of 
statically condensing out one degree of freedom after the 
other, and always assembling only those equations (or, 
rather, element stiffness matrices) that are actually 
required during the specific condensation to be 
performed. 11 
However a shortcoming of using this approach is that once a degree-
of-freedom is condensed, no changes may take place at that degree of 
freedom. While this is not significant in one-step analysis, it does become 
important in an incremental or step-by-step analysis when the matrix 
changes and must be solved a number of times. Adapting this strategy to 
these types of analysis is difficult for two reasons. 
a. The values of stiffness relating to a condensed DOF change. This 
change effects all the DOF that were at the wave-front when the 
DOF was condensed. That in turn effects all the others that 
subsequently came into the wave-front after the time of 
condensation of the DOF under consideration. 
b. The sequence or relationship of the DOF changes such that the 
original order of condensation and assembly is no longer valid. 
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This is especially complicated when new DOF are created and 
stiffness matrices for new elements are added. 
The equation solver developed by this research allows changes to 
take place in DOF already condensed without discarding the current 
results. This is done by propagating the changes in a term for a dependent 
DOF to all the terms for independent DOF that relate to it. Then changes 
in the term at m-th column and n-th row of kbb and at n-th row of fb due 
to changes in the dependent degree-of-freedom at any step are as follows, 
~kmn = - [ ( kam + ~kam) ( kna + ~kna) kam kna] 
kaa + ~kaa - kaa 
~fn = - [ ( kna + ~kna) ( fa+ ~fa) kna f.] 
kaa + ~kaa - kaa 
Here ~ denotes increment. When a degree-of-freedom is initially 
condensed then all terms but the incremental terms are zero. Then these 
equations simplify to usual static condensation. 
While these equations provide a way to allow the changes in the 
values of existing condensed degrees-of-freedom to be considered, they do 
not address the problem of changing relationships between degrees-of-
freedom. That problem is addressed by software design utilizing the object 
oriented model. Since the stiffness and dependency relationships between 
degrees-of-freedom are directly represented by objects (DOF : Degree-Of-
Freedom Object and SCO : Stiffness Coefficient Object) instead of mapping 
these relationships to matrices, the changes in relationships are easily 
handled. 
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4.7 Advantages of new method 
The purpose of developing this new method is to solve the problem of 
structural simulation of construction or repair. However the method 
outlined here is quite general and may be applied or adapted in a wide 
variety of situations. Essentially this is an incremental approach which 
allows increments of stiffness as well as loads and displacements. So 
changes in stiffness in an existing element are treated the same way as 
adding a new element. Therefore with the addition of equilibrium checks 
and iterations, this method can easily be adapted to conventional non-
linear problems as well. To consider p-delta or other non-linear effects in 
the problem under discussion, the appropriate geometric stiffness terms 
need be added to the element stiffness matrices. The overall approach 
need not be changed. 
This approach 
conventional one-step 
distribution analysis. 
provides 
analysis 
a number 
and even 
of advantages 
a step-by -step 
over the 
dead load 
a. Stiffness changes 1n new members as well as existing members 
are considered. 
b. The members are added at the displaced position of the nodes. 
c. The sequential nature of construction and load application are 
accounted for. 
d. Loads may be applied at any location during the analysis. The 
loads need not come from new members (dead-load analysis) but 
can also be applied to existing members. 
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e. Equations that are already solved are used, and this results in an 
efficient algorithm. 
f. Second-order (P-Delta) and other non-linear effects can be 
included with the addition of the appropriate stiffness terms in 
the element stiffness matrices. 
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5.1 Overview 
CHAPTER 5 
OBJECT ORIENTED MODEL 
In principle, program development under an object oriented 
paradigm consists of three distinct processes : Domain analysis, program 
design and program encoding. The domain analysis phase identifies the 
groups of objects that are related, and the overall relationships between 
different object groups. The design phase identifies the objects and their 
relationships, and plans the major message passing structure for the 
program operation. Finally the program encoding phase implements the 
design into code. 
In practice, the' distinction between these three processes is blurred 
and the program development progresses in an iterative manner. The 
program development is an evolutionary process in which the program is 
progressively refined. In this chapter, the final design of the object 
oriented model for the program is discussed in detail. Some of the 
alternate designs that were investigated are also presented. 
5.2 Design Objectives 
The major goals and limits to be met by the progam are as follows : 
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a. The primary design objective for the program was to develop a 
model that closely simulated the behavior of a structure as it was 
being constructed or repaired. Based on the analysis model 
previously described, the model had to be very flexible. 
b. The interface of the program was limited to text. No graphic 
user-interface was developed. 
c. Even though the development of the program was limited to two 
dimensional structures with only truss and beam elements, the 
design was general. So extension to three dimensions and 
addition of other element could be achieved without redesigning 
the model. 
d. Encapsulation of the analysis method with a defined interface so 
the program may be used as a 'black box' by other software which 
required a finite element analysis capability. (i.e. development of 
a Finite Element Analysis Object). 
e. Easy support for further developments and customization of the 
model through inheritance and polymorphism. 
5.3 Overall Model Description 
The final object oriented model design is depicted by an entity-
relationship diagram in Fig. 5-l. In the figure, thinner arrows indicate 
has-a (attribute) and thicker arrows indicate type-of (derivation) 
relationship. The entire model is encapsulated in an object called FEA 
(Finite Element Analysis object). The main objects include Node, Point, 
DOF (Degree-Of-Freedom), Element, Material and SCO (Stiffness 
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Coefficient Object). The only support class that is used is a template list 
object, using the template facility available in C++. Beam and Truss 
Elements are derived from the Element object and an Elastic Material is 
derived from the Material object. 
Figure 5-l Entity Relationship Diagram for Object Oriented Model 
5.4 How an Analysis is Performed 
To see how an analysis is performed, it is necessary to examine how 
the major parts of the message passing system works. The FEA object 
initiates the analysis by opening a specified input file and reading 
instructions. As nodes, elements, loads, etc. are read, appropriate objects 
are created and added to the lists maintained by the FEA object. 
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Creation of nodes also create the DOF that are associated with the 
node. As each DOF is created it is added to the bottom of the FEA object's 
DOF list. This list contains the DOF from the oldest to the newest. When 
Element objects are created they assemble their stiffness into the model by 
informing the connected DOF of stiffness contributions. Each DOF stores 
the stiffness relationship to itself (diagonal term in global stiffness matrix) 
and stores the relationship to other DOF through SCO objects (non-zero off-
diagonal terms in global stiffness matrix). Each SCO stores the stiffness 
relationship between two DOF. DOF objects maintain the stiffness 
relationships, creating SCOs when needed. 
When the FEA object encounters a solve command, it sends a 
message to each DOF to condense itself starting at the oldest. Then the 
FEA object sends a message to each DOF to back-substitute, in the reverse 
order starting at the newest. This ordering ensures that dependency 
relationships between DOF objects, created when condensing, are 
maintained correctly. When all the DOF are back-substituted, the FEA 
object sends a message to all the Element objects to update their states. 
The Elements update their states based on the displacements of the 
connected DOF, and inform the DOF of the forces applied from the 
Elements to the DOF. At restrained DOF (i.e. supports) these forces are 
used for determining reactions. At unrestrained DOF, these forces are 
compared with applied external force to check equilibrium. 
Finally the FEA object requests the Nodes and Elements to print 
their current states. Then it resumes reading the input file. This process 
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class FEA 
{ 
public 
FEA(int npage=80, int epage=40, int mpage=5); 
-FEA () ; 
void run(int argc, char* argv[]); 
InputState input(istream&); 
void solve(); 
void show_output(ostream&); 
private : 
} ; 
char* name; 
int step_no; 
ListOf<Node> nlist; 
ListOf<Element> elist; 
ListOf<Material> mlist; 
ListOf<DOF> dlist; 
Figure 5-2 Interface and structure of FEA Object 
continues until all the input has been processed and an end command 1s 
encountered. 
5.5 Description of Objects 
5.5.1 Finite Element Analysis (FEA) Object 
The FEA object provides an interface to the entire analysis process 
and encapsulates the software. This object contains all the other objects in 
the model and maintains lists of Nodes, Elements, Materials and DOF. 
Fig. 5-2 shows the attributes of the FEA Object. The major 
functions provided by this object are input, solve and show_output. At each 
step of incremental analysis data is input, the system of equations is solved 
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and results are output to a text file. The function run, calls the other 
functions when necessary and manages the analysis. To perform 
simulation analysis, this is the only function: that an external program 
needs to execute. 
The main data members of the FEA objects are lists of Node objects, 
Element objects, Material objects and DOF objects. The DOF list contains 
references to all the DOF objects in the model, however DOF objects are 
actually members of appropriate Node objects. The DOF list is used to 
provide a sequential ordering of DOF objects in the equation solution 
process. The FEA object also stores the name of the project and the 
current analysis step number. 
5.5.2 Node & Point Objects 
In finite element analysis, a node is a basic concept used for 
discretizing continuum domains. The nodal points are those points in the 
continuum where structural equilibrium is enforced in the discrete model. 
The Node objects maintain the relationships between different elements 
and define the geometric shape of the domain. Nodes store the appropriate 
DOF and provide the linkage between Elements and the DOF. The 
geometric position of a node is maintained in a Point object. The Point 
object provides geometric calculations and also can be the starting point in 
interfacing to a graphic interface. 
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Major functions provided by the Node object include accessing the 
DOF and Point objects. Different geometric parameters (e.g. deformed & 
undeformed distance, Sine and Cosine values) are calculated by member 
functions. This implementation also provides an output function 
(node_print) for text-based output of displacements and forces stored in 
DOF objects. Since DOF objects can only be identified by the node and 
direction, this approach provides a better interface than a direct DOF 
based output function. 
5.5.3 Element Object 
Element object is a virtual object which cannot be directly 
class Node 
{ 
public : 
Node (int, float, float, ListOf<DOF>& ); 
void add_load(Direction dir, float value); 
void fix_direction(Direction dir); 
Point& get_point(); 
DOF* get_dof(Direction i); 
void node_print(ostream& o); 
double distance(Node& ); 
double undef_distance(Node& ) ; 
double get_cos(Node& , double); 
double get_sin(Node& , double); 
private 
int ID; 
Point pt; 
DOF dof[STRUCTURE_DOF]; 
} ; 
II Stores DOFs 
Figure 5-3 Interface and structure of Node Object 
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instantiated. Different types of elements (which implement the required 
member functions) can be derived from this object. Truss and Beam are 
two elements that are derived from this virtual object. 
The Element object provides an interface for creating, assembling, 
applying element loads and output element stresses and strains. One of 
the functions provided is for an element to change state. This is used 
when an element changes its stiffness characteristics due to physical 
changes that occur during construction. 
class Element 
{ 
public : 
Elernent(int 
virtual void 
virtual void 
virtual void 
virtual void 
virtual void 
virtual void 
virtual void 
virtual void 
protected : 
int ID; 
float* k; 
} ; 
) ; 
elernent_print(ostrearn&) = 0; 
assemble(); 
create_stiffness() = 0; 
create_rotation()= 0; 
update_state() = 0; 
change_state(int ); 
uniforrn_load(float, float); 
point_load(float, float, float); 
Figure 5-4 Interface and structure of Element object 
The Truss element is a simple two-dimensional, two noded element. 
For simplicity, the implementation directly forms the element stiffness 
matrix in global coordinates (Weaver, 1986). No element load is 
implemented. This element does not support change of state. 
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The Beam element is also a two noded element. A first-order 
stiffness matrix (Weaver, 1986) is used which does not consider geometric 
stiffness. Two types of element loads (point loads and uniformly 
distributed loads) are implemented. The element loads are applied to the 
global structure by using fixed end loads. The rotational constraint at 
each end of the beam element can be changed. So the beam may be pin-
connected or fixed at each end and may change states from one state to 
another. 
5.5.4 Material Object 
class Material 
{ 
public : 
Material(int id); 
virtual float get_E() = 0; 
virtual float get_nu() = 0; 
virtual float get_Fy() = 0; 
protected 
int ID; 
} ; 
Figure 5-5 Interface of Material Object 
Material object is also a virtual object. The interface for this object 
is very simple and can be extended or redesigned for better modeling of 
more complicated material models. The Elastic object is derived from the 
Material object. Elastic object simply stores data for an elastic material 
and provides member functions for access to the data. 
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5.5.5 Degree-Of-Freedom (DOF) Object 
class DOF 
{ 
public : 
DOF () ; 
void fix_DOF(); 
DOFStatus status(); 
void connect(StiffnessCoeff* t); 
void disconnect(StiffnessCoeff* t); 
void back_substitute(); 
void condense(); 
void modify_f(double ); 
void add_load(double ld); 
void add_reaction(double r); 
void assemble(DOF* , double); 
void reset_step{}; 
float get_displacement(); 
float get_totald(); 
float get_load(); 
float get_ext_load(); 
void set_place(unsigned long i); 
unsigned long place(); 
private : 
} ; 
ListOf<StiffnessCoeff> k; 
double pivot; 
double delta_pivot; 
float f 
float d 
float delta_d; 
float ext_load; 
unsigned long cndns_ref; 
DOFStatus state; 
Figure 5-6 Interface and contents of DOF object 
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The DaF object and the sea object together give the analysis 
method the flexibility it needs. The global stiffness, displacement and 
force matrices are replaced by the combination of these two objects. The 
DaF object stores the displacement, force and corresponding diagonal term 
in the stiffness matrix. While sea objects store non-zero off-diagonal 
stiffness terms. Each DaF keeps a list of off-diagonal terms (Sea objects) 
linking this DaF with all the other DaF that are newer. Using this list 
condensation and back-substitution is accomplished. 
In the incremental approach, each DaF solves for the increment of 
displacement due to an increment in load based on the tangent stiffness. 
Each DaF stores not only the overall values but also the incremental 
values stiffness, load and displacement. Even though a DaF is condensed, 
loads may be applied and further assembly may take place at that DaF. 
These values are accessed by Element objects after the equations are 
solved, to determine their response. The boundary conditions are modeled 
by setting the state of a DaF to be fixed. The behavior of the object 
differs depending on its state. 
5.5.6 Stiffness Coefficient Object (SCO) 
sea object stores the stiffness relationship of two different DaF 
objects. These are the non-zero, off-diagonal terms in the global stiffness 
matrix. These objects are created during the process of assembling element 
stiffnesses into the model. Some sea objects are also created by the 
process of condensing DaF. Since this model allows increments of stiffness 
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even after a DaF has been condensed, the sea object must store not only 
the overall stiffness terms but also the stiffness increment at that step. 
class StiffnessCoeff 
{ 
public : 
StiffnessCoeff(DOF* I DOF* 1 double); 
-StiffnessCoeff(); 
void modify(double delta_k); 
double value(); 
double delta(); 
void update(); 
DOF* get_independent(); 
private : 
} ; 
DOF* indep; 
double k; 
double del_k; 
Figure 5-7 Interface and contents of sea object 
5.5. 7 Listof Template Object 
In many areas of the model, the ability to keep lists of different 
objects is essential. There are two ways of implementing this generically -
inheritance or templates. 
The inheritance approach IS followed by many established object 
libraries. In this approach, the objects to be listed are derived from a base 
object which has the ability to be in a list or has an associated list object. 
Frequently base objects incorporate other desirable features as well. Thus 
an object can be given these features by deriving it from the base object. 
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template <class Type> 
class ListOf 
{ 
public : 
ListOf(int page=NUMBER_OF_DOF); 
-ListOf(); 
void add_to_list(Type* 1 int); 
int add_to_list(Type* t); 
void swap_places(int I int ); 
void remove(Type*); 
void remove(int i); 
int number_in_list(); 
Type& operator[] (inti); 
protected : 
int page_size; 
int count; 
ListOf* next; 
Type** contents; 
} ; 
Figure 5-8 Interface and structure of Listof Template Object 
An alternate approach is to use the template facility incorporated 
into Release 3.0 of C++ language (Lippman, 1991; Stroustrup, 1990). The 
implementation of this facility provided by Version 3.1 of Borland C++ 
compiler (Borland, 1992) is used. This facility allows a template of objects 
having similar qualities to be created. This is the approach adopted in the 
program developed. A template object ListOf is created which can be 
instantiated into lists of any object. This list combines the good qualities 
of pointer array type and linked-list type lists. The pointer array type lists 
have very quick access times but can only handle a limited number of 
items and use the same size of memory whether it is required or not. The 
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linked lists are flexible, use only the required amount of memory and can 
handle unlimited number of items but can have unusually long access 
times. This list is made up of linked arrays. When an array is filled up 
the next one can be added and linked. This provides the ability to handle 
unlimited items but still keep the memory use and access time quite low. 
5.6 Implementation of the Equation Solving Process 
A key new idea featured in this analysis is equation solving using 
objects. The storage and operations required by the equation solving 
process is encapsulated in the DOF and SCO objects. The interface to this 
process to other objects is provided by the DOF object. The three main 
operations required in equation solving are assembly, condensing and back-
substitution. The DOF object provides public functions corresponding to 
these operations. The assembly function is used by Element objects to 
process the element stiffness matrices. This function is also used by the 
condensing function for propagating the stiffness changes. Condensing and 
back-substitution functions are used by FEA object for solving the system. 
The details of implementation of each of these functions are discussed in 
Sections 5.6.1 - 5.6.3 . Refer to Figures 5-6 and 5-7 for the variable and 
function names used in the following discussion. 
5.6.1 Assembly 
The objective of the assembly operation is to incorporate the given 
stiffness coefficient into the appropriate position in the model and then set 
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a flag in the involved DaF for condensation. The function that provides 
the assembly operation is, 
void DOF ::assemble( DOF* , double); 
This function call passes two parameters : reference (pointer) to a 
DaF and increment in stiffness between the current DaF and the 
referenced DaF. Assembly is performed through the following steps. 
1. If the referenced DaF is the same as the current DaF then 
increment the diagonal stiffness term (double delta_pivot). 
Skip the intermediate steps and jump to step 6. 
2. Compare the position ( unsigned long cndns_ref ) of the two 
DaF and choose the older as the current DaF. 
3. Check the current DaF's list of Stiffness Coefficient Objects 
(ListOf<StiffnessCoeff> k) for an Sea that connects to the 
other DaF. This step queries each sea for the linked DaF 
(DOF* get_independent () ). 
4. If a link exists then the connecting stiffness is incremented by 
informing the sea ( void modify(double ) ). 
5. If a link is not found then a new sea is created. 
6. A flag ( DOFStatus state) is set for current DaF. 
5.6.2 Condensation 
This operation implements the incremental condensation formulation 
developed in this research. From Section 4.6, resulting from incremental 
condensation, changes in the term at m-th column and n-th row of kbb and 
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at n-th row of fb due to changes in the dependent degree-of-freedom at any 
step are derived as follows, 
Llkmn = - [ _( _k_a=m:;:__+_Ll_k....;;;;a=m'-)_(_k....::;n=a_+_Ll_k....::;n=a_) 
kaa + Llkaa 
L\fn = - [ ( 
When changes occur at any DOF, corresponding changes must be 
propagated to the connected DOF and SCOs that link them. The changes 
to the diagonal stiffness terms (when m = n) and the force terms are 
propagated to the connected DOF. While changes to the off-diagonal 
stiffness terms (when m =1:- n) are propagated to the SCOs that link the 
connected DOF. The function that provides the condensation operation is, 
void DOF :: condense(); 
The following steps are followed in this function for implementing 
the incremental condensation. 
1. Check flag to see if the current DOF has been disturbed. If no 
change has taken place in the last step then return, else continue. 
2. Check if the diagonal stiffness term (double pivot) of this DOF 
will be zero after the stiffness increment (double del ta_pi vot). 
If the diagonal stiffness term becomes zero then the sol uti on 
process cannot continue. Abort the program. 
3. Go through the list of SCOs and perform the following steps for 
each sea on the list. 
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a. Propagate the changes to the diagonal stiffness 
terms (~kmm) of the connected DOF by 
assembling the incremental change in stiffness to 
that DOF. 
b. Propagate the change to the force term (~fn) of 
the connected DOF (void modify_f () ). 
c. Propagate changes to the off-diagonal stiffness 
terms (~kmn , when m ::1:- n) linking the connected 
DOF. The assembly function is used for 
propagating the change in stiffness. 
d. Update changes to this SCO (~kam & ~kna) and 
reset it for the next step (void update () ). 
4. Update the diagonal stiffness term of the current DOF <kaa) and 
reset the incremental stiffness term (~kaa) to zero. 
5. Reset the flag ( DOFStatus state). 
5.6.3 Back-Substitution 
When the entire structure has been condensed, the process of back-
substitution is used to calculate the increment in displacement at each 
DOF. The function that provides the back-substitution operation is, 
void DOF :: back_substitute(); 
The following steps are followed in this function for performing back-
substitution. 
1. Go through the list of SCOs and sum the force contribution 
(double sum_d) from each of the independent DOF. The force 
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contribution is equal to the incremental displacement of the 
independent DOF times the stiffness of the linking SCO. 
sum_d = ~ (value() * (get_independent()->delta_d)) 
2. Solve for the incremental displacement (del ta_d) of the current 
DOF using the applied load at this step (f) , the sum of the force 
contribution (sum_d) from the independent DOF and the diagonal 
stiffness term. 
delta_d = 
f - sum d 
pivot 
3. Update the total displacement and reset the load increment term 
for this step to zero. 
5. 7 Alternate Designs 
The process of developing the final design of the object oriented 
model went through a number of iterations where other ideas were tried 
out. Some ideas and designs that were tried will be discussed here with 
reasons why they were not used. Most of the difference between designs is 
in the area of global equation solving. 
One of the first designs that was developed is shown in Fig. 5-9. 
This design was developed with the idea of utilizing the fact that 
condensation and back-substitution occur in the reverse order. So putting 
the operations in a stack (first-in, last-out type storage scheme) during 
condensation and popping the stack during back-substitution provided a 
simple way of organizing equation solving. The stack was provided by 
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StackOf template object derived from ListOf template object. All the 
stiffness coefficients were stored in the DOF object. The EquationSolver 
object maintained a list of DOF that constituted the current active DOF, 
i.e., 'the front'. This design used functions instead of data as the primary 
member of Operation objects. For large problems the StackOf Operation 
became very large. While this approach worked, it was not very flexible. 
Incorporating incremental analysis based on this model became too 
complicated. 
Figure 5-9 Alternate Design for Object Oriented Model 
Another similar design that was tried was to eliminate all . the 
Operation objects, the StackOf Operation, and add the ability of condensing 
49 
and back-substitution directly into DOF objects. All the stiffness 
coefficients were still stored in the DOF object. Each DOF object stored 
the corresponding row in the global stiffness matrix as well as the 
displacement and force. The EquationSolver object determined the order of 
condensation and back-substitution by an algorithm based on the 
connectivity of a DOF and storing the order of addition and removal of 
DOF in the active DOF list. This approach also worked quite well for a 
one step approach. However for an incremental approach this became 
increasingly complex. The saving of resources by encapsulating the global 
stiffness matrix in only the DOF object was offset by increasingly 
demanding connectivity calculations. Eventually this model was 
abandoned in favor of the design incorporating the sea object, which in 
combination with the DOF object provides a simpler and more intuitive 
equation solving process. 
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CHAPTER 6 
AN EXAMPLE PROBLEM 
6.1 Structure 
A two-bay three story braced steel frame, Frame 'A' (Driscoll et. al., 
1965), is chosen for analysis. This frame is to be analyzed using the 
program SIMCON (Chowdhury, 1993), developed in this research, for a 
multi-step construction process. Fig. 6-1 shows the dimensions of the 
member. The frame under analysis is an interior frame in a building with 
15' frame spacing. 
Figure 6-1 Dimensions of Frame 'A' 
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Figure 6-2 Section Details of Frame - A 
Section Designation Area (in2) Moment of Inertia (in4) 
W 6x20 5.87 41.4 
W 12x19 5.57 130 
W 12x22 6.48 156 
L 3.5x3.5x0.25 1.69 2.01 
Table 6-1 Section Properties Data of Frame -A Members 
6.2 Input Data 
Figure 6-2 shows the section details of the frame. The relevant data 
corresponding the sections used in the frame are tabulated in Table 6-1. 
The material is taken to be A36 steel. 
The structure is evaluated for service load conditions. The loads 
assumed to act on the structure are listed in Table 6-2. All the distributed 
loads are assumed to be applied as line loads to the beams. The amount of 
the line loads are calculated using tributary areas. The wind load on the 
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side of the building is applied to beam-column joints. No load factors are 
used since this analysis is evaluating service loads. 
T~e of Load Ap12_lied On Load Intensity Applied Load 
Floor Live Beam 80 psf 1.20 kips/ft 
Floor Dead Beam 90 psf 1.35 kips/ft 
Roof Live Beam 60 psf 0.90 kips/ft 
Roof Dead Beam 70 psf 1.05 kips/ft 
Wind Joint 20 psf 3.00 kips 
Table 6-2 Loads applied to Frame - A 
The structure is analyzed twice. Once by a conventional one step 
analysis and once by simulating the construction. Figures 6-3 to 6-5 show 
the different stages in construction that are used in the analysis. 
In addition to modeling the sequence of adding loads and members, 
initial displacement of nodes are used to estimate the true framing location 
of member ends. The nodes in the third floor and roof levels are given 
initial displacements by transferring the displacements through the 
connecting column segments. The use of jacking forces IS illustrated by 
enforcing the fit of beams at the roof level at step III. 
The listing of input files from SIMCON is included In Appendices 
B.2 and B.4. Appendix A describes the data and commands used in the 
input files to SIMCON. To confirm the results from this program, 
conventional analysis is also done using SODA (Waterloo, 1990), a 
commercial structural analysis package. The input data from SODA runs 
are included in Appendix B.6. 
53 
DL DL 
J, 0 J, J,J, J,J, J, J,J, J, 
DL DL 
~jjjjj!!llo l 1 0 mW; 0~ ?!J~ •' ./ ~-·0
Figure 6-3 Construction Sequence of Frame - A : Steps I & II 
0 0 
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Figure 6-4 Construction Sequence of Frame - A : Steps III & IV 
LL LL 
WL~r-------~------~ 
Figure 6-5 Construction Sequence of Frame- A : Steps V & VI 
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6.3 Analysis Results 
Output data from SIMCON and SODA are included in Appendices 
B.3, B.5 and B.7. Based on these results the deflected shapes in two sets of 
analysis are plotted in Figures 6-6 and 6-7. In these figures the deflected 
position of the nodes are plotted. However the members are drawn as 
straight line segments between nodes. The deformed shapes of members 
are not plotted. 
Selected results are extracted from Appendix B and listed in Tables 
6-3 and 6-4. Table 6-3 shows nodal results, while element results are 
listed in Table 6-4. In these tables, the corresponding quantities from 
three sets of analysis are shown. A descriptive notation is used to identify 
nodes and elements (e.g. Right Bay First Floor Beam, Second Floor Left 
Side Node ). The moment results from SODA are transformed to kip-in 
units for consistency with moments from the other analyses. 
Node Quantity Simulation Conventional Conventional 
Location SIMCON SIMCON SODA 
1st Fl. Rt. X Displ. 0.0177 in 0.0138 in 0.0138 in 
2nd Fl. Rt. X Displ. 0.0201 in - 0.0088 in - 0.0086 in 
Roof Rt. X Displ. 0.0866 in - 0.0535 in - 0.0535 in 
1st Fl. Cntr. Y Displ. - 0.0728 in - 0.0753 in - 0.0752 in 
2nd Fl. Cntr. Y Displ. - 0.1210 in - 0.1240 in - 0.1243 in 
Roof Cntr. Y Displ. - 0.1420 in - 0.1470 in - 0.1463 in 
Table 6-3 Nodal results from different sets of analysis 
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Figure 6-6 Displaced position of Nodes from Simulation Analysis 
(Displacements magnified 150 times) 
Figure 6-7 Displaced Position of Nodes from One-step Analysis 
(Displacements magnified 150 times) 
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Element Quantity Simulation Conventional Conventional 
SIMCON SIMCON SODA 
Col : 1st Fl. Axial Force 49.7 kip 47.3 kip 47.434 kip 
Lft. Side 
Col : 1st Fl. Axial Force 103.0 kip 107.0 kip 106.670 kip 
Cntr. 
Col : 1st Fl. Axial Force 54.1 kip 50.4 kip 50.474 kip 
Rt. Side 
Beam: 1st Rt. Moment - 328 k-in - 691 k-in - 691.27 k-in 
Fl. Lft. Bay 
Beam: 1st Lft. Moment 322 k-in 695 k-in 695.42 k-in 
Fl. Rt. Bay 
Beam: 1st Mid Moment 628 k-in 364 k-in 363.95 k-in 
Fl. Lft. Bay 
Beam: 1st Mid Moment 627 k-in 363 k-in 363.49 k-in 
Fl. Rt. Bay 
Truss : 1st Axial Force 
Fl.\ 
8.21 kip 10.60 kip 10.604 kip 
Truss: 2nd Axial Force 4.43 kip 6.36 kip 6.336 kip 
Fl. \ 
Table 6-4 Element results from different analyses 
6.4 Comparison and Discussion 
The results from the three analyses are summarized in Figures 6-6 
and 6-7 and Tables 6-3 and 6-4. The following conclusions can be drawn 
from comparison of the results. 
1. The results from SODA and SIMCON for one-step (conventional) 
analysis are practically identical. This verifies the accuracy of 
SIMCON analysis. For further discussion, both sets of results are 
referred to as one-step analysis results. 
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n. Simulation analysis and one-step analysis produce quite different 
displaced shapes of the structure. Figures 6-6 and 6-7 show the 
displaced position of nodes. In the one-step analysis, the 
structure leans to the left. However, in simulation analysis, the 
structure leans to the right. For the completed structure, the 
unbraced left bay is less stiff than the braced right bay. So 
under gravity load the structure tends to deflect to the left. In 
simulation analysis, the wind loads working on the partially 
complete structure deflect it to the right and newer members are 
framed in at that deflected position. Lateral deflections from the 
simulation analysis tend to be slightly higher because some 
lateral loads act on a partially complete and less stiff structure. 
iii. Vertical displacements of nodes are comparable (Table 6-3), 
because, in spite of different displaced shapes, the axial load 
distribution in the columns is not significantly affected. 
iv. Beams have lower end moments and higher midpoint moments in 
simulation analysis (Table 6-4). In the construction sequence 
used, beams are pin-connected when the distributed dead load is 
applied. So these loads create no end moments and higher 
midpoint moments. 
v. Truss members have lower loads in the simulation analysis 
(Table 6-4). A significant part of the gravity load is applied to 
the structure before the truss members are added. Since the truss 
members are added at the deflected position, they do not carry 
the existing load. 
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CHAPTER 7 
DISCUSSION AND CONCLUSIONS 
7.1 Use of Construction Simulation 
Construction simulation is a versatile tool that can be utilized in 
many different ways, such as, comparing construction sequences, 
evaluating incomplete structures, decision support during construction 
when facing unexpected situations, and so on. In building structures with 
significant deflections during construction this tool can be invaluable. 
Accurate deflection estimates given by simulation analysis may be used for 
monitoring structures during construction. And finally by considering the 
'locked-in' states of stress, it provides a better evaluation of the true as-
built state of the structure. 
7.2 Object Oriented Equation Solving 
At the heart of this analysis is an object oriented model which solves 
the global stiffness equations through interaction between different objects. 
This provides a new and more flexible way of organizing and 
manipulating the data involved in these equations. Mathematically, this 
equation solving process is nothing but Gauss elimination. The data 
organization presented here can be used and adapted for many other 
equation solving purposes - especially in problems which yield positive 
definite, symmetric, sparse matrix type relationships. This approach is 
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flexible and allows physical changes to be easily reflected in the model, 
because small or partial changes to matrices can be accommodated without 
re-solving the entire system. 
In general, when solving a system of equations once, the object 
oriented equation solving approach will require more memory and be 
similar in speed, in comparison with conventional equation solvers. 
However, for repeated equation solving with small changes to parts of the 
system, this approach will probably be faster. The higher use of memory 
does not limit this approach since most personal computers today have 
sufficient memory available. The software can be easily adapted for use 
with a graphical user interface, because of code reuse and extendability 
options provided by C++. This approach also has potential for use in 
interactive computing situations, (i.e. structural design and optimization, 
interactive analysis) where reaction time to changes must be quick. 
7.3 Performance of new method 
The example problem solved in Chapter 6 demonstrates the utility of 
simulation analysis method. It provides analysis results that give a closer 
estimate of stresses faced by the structure. Simulation analysis offers the 
flexibility to model the structural effects of different kinds of construction 
situations, such as, load and construction sequence, jacking forces, 
fabrication misfits, true framing position, and so on. The text-based input 
data stream used by the software is easy to understand and similar to a lot 
of popular text based finite element programs. 
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7.4 Further research and development 
Further research and experimentation IS needed to formulate 
guidelines for the use of simulation analysis and results. Simulation 
modeling done at service load level must be combined with code-required 
factored loads and load combinations for evaluation. One possibility is to 
make a distinction between long-term and short-term loads that act on the 
completed or partially complete structure. Then only the long-term loads 
at the service load level may be used for modeling. For evaluation, long-
term loads can be factored and combined with short-term load steps at each 
stage of construction. 
A number of additions may be made to the software to further 
extend its capabilities. Some of the possibilities are as follows 
1. More types of elements (e.g. plate) can be added to the model. By 
deriving these new element objects from the virtual Element 
object, they can be easily integrated into the system. 
n. Development of a graphical user interface for this program will 
make it easy to use. 
iii. The analysis model can be expanded to a 3-D system. This will 
enable the simulation to be more realistic. 
iv. Some higher order effects especially the P-Delta effect can be 
included in the formulation. Since the model already performs 
equilibrium convergence checks, only the element formulation 
needs to be enhanced. 
v. The basic object oriented model can be used as an engine for a 
structural design software. This framework is ideally suited 
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evaluating different design options. In addition to design 
optimization this type of software will also be able to evaluate 
possible construction sequences. 
7.5 Conclusions 
An analysis method, simulation analysis, 1s developed which 
simulates the structural effects of construction or repair. An object 
oriented approach is used to create software (SIMCON) to perform this 
analysis. The object oriented model performs equation solving by 
interaction between objects and can easily re-solve a structure when small 
changes take place. Consequently, simulation analysis is very flexible and 
can consider different construction situations that are difficult to analyze 
with a conventional approach. Some of the features of simulation analysis 
are as follows, 
1. The sequence of additions of members and loads to the structure 
is modeled. 
u. The members are added at the deflected position of the structure 
at the time of addition. 
iii. Initial displacements of new nodes are estimated. So actual 
positions of nodes are accurately modeled. 
iv. Existing elements are able to change state. I.e. a beam can go 
from pin connected ends to fixed ends. 
v. Element fabrication errors can be included in the analysis. 
vi. Equilibrium checks are made every time the structure is solved 
and imbalances corrected. 
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Object oriented analysis and modeling provide an excellent paradigm 
for designing and developing complex engineering software. The 
encapsulation and code extendability features available in this approach 
allow further additions to the software to be made easily. The object 
oriented model developed by this research can be used as an engine for 
other software which requires flexibility in solving large equation systems. 
Simulation analysis and the software developed in this work may be 
used for analyzing construction and repair of beam and truss type two-
dimensional structures. Extending the capabilities of this software and 
further research in the use of simulation analysis is needed for this type of 
analysis to be used commonly in practice. 
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APPENDIX A 
USER'S MANUAL FOR SIMCON 
A.l Overview 
SIMCON is a program that performs 2D structural simulation of 
construction. The program interface is very similar to that of a traditional 
text based finite element program such as SAP-IV. The program is fed the 
name of an input text file containing data and commands. The program 
analyzes the data and deposits the output in another file. 
In spite of the text interface, SIMCON is a powerful analysis 
program with some very special characteristics. This program builds up 
structures step by step paralleling the construction sequence. The effects of 
the sequence are incorporated into the analysis. So the input text stream 
consists of creating nodes and elements in the sequence they are 
constructed and also applying the loads when they start acting on the 
structure. 
A.2 Command Summary 
All commands in the input file follow the same format. A command 
name on a line and then a number of lines each containing a data set for 
that command. When all the data corresponding to the command has been 
input, the next command can be issued. 
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COMMAND-NAME 
datasetl 
dataset2 . . 
COMMAND-NAME 
datasetl 
dataset2 . . 
Any line starting with an asterisk (' * 1) IS considered a comment 
line. All blank lines are ignored. 
A.3 List of Commands 
A.3.1 NAME 
NAME 
Name of the Project 
Figure A-1 Usage of 'NAME' 
An optional name may be assigned to the project. Multiple name 
definitions will cause errors. The length of the name is variable and can 
be as long as 80 characters long. The entire name must be one line long 
and must be the first non-blank or non-comment line following the 
command. 
A.3.2 NODE 
NODE 
Node_Number X_Coordinate Y_Coordinate 
Node_Number X_Coordinate Y_Coordinate 
Node_Number X_Coordinate Y_Coordinate 
Figure A-2 Usage of 'NODE' 
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This command is used to create new nodes. The node number is a 
positive integer used to identify the node. The node number need not be 
sequentially entered and can be chosen according to the convenience of the 
user. The equation solving does not depend on the numbering of nodes or 
elements. The number is used to enter the node in a list. Once entered 
the node is not renumbered and gaps in sequence of the node numbers are 
simply ignored. However it is best not to use unnecessarily large node 
numbers. This slows down the access of data for these nodes. 
X and Y coordinates are real (floating point) numbers which can be 
positive or negative. There is no limitation on the size of the structure. 
A.3.3 BOUNDARY 
BOUNDARY 
Node_Number Direction_Number 
Node_Number Direction_Number 
Node_Number Direction_Number 
Figure A-3 Usage of 'BOUNDARY' 
This command is used to input boundary conditions. Currently the 
only boundary condition allowed 1s to fix the degree-of-freedom 
corresponding to a certain displacement. Any boundary conditions 
applicable to a node must be input when it is created before any elements 
are connected to it. Usually the 'BOUNDARY' command is used after the 
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node definitions. This command must refer to newly created nodes. Table 
A-1 gives the direction numbers for global directions. 
Direction Direction Number 
X-Displacement 0 
Y-Displacement 1 
Z-Rotation 2 
Table A-1 Direction Numbers for Load and Boundary Conditions 
A.3.4 ELASTIC 
ELASTIC 
Material_Number E Nu Fy 
Material_Number E Nu Fy 
Material_Number E Nu Fy 
Figure A-4 Usage of 'ELASTIC' 
An elastic material model is available. This command defines an 
elastic material and associates it with an ID number (Material Number). 
The ID number must be a positive integer. Other input values are Elastic 
Modulus (E), Poisson's Ratio (Nu : u) and Yield Stress (F y)· 
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A.3.5 LOAD 
LOAD 
Node_Number Direction_Number Load_intensity 
Node_Number Direction_Number Load_intensity 
Node_Number Direction_Number Load_intensity 
Figure A-5 Usage of 'LOAD' 
This command is used to add concentrated loads applied to the 
nodes. Since this is an incremental formulation the order in which the 
loads are applied are should reflect the changes to the physical structure. 
Also when a load is removed, an exact and opposite load must be applied. 
The node and direction is identified by using Node Number and Direction 
Number (Table A-1). The node must have been created previously. The 
last parameter represents the amount of the load in consistent units. Load 
Intensity is the amount of load in force or moment units that are being 
used in the analysis. 
A.3.6 TRUSS 
TRUSS 
Element_No Node_ ~ Node_j Area Matl 
-
No Fit Trn 
Element_No Node_ ~ Node_j Area Matl 
-
No Fit Trn 
Element_No Node_ i Node_j Area Matl 
-
No Fit Trn 
Figure A-6 Usage of 'TRUSS' 
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Two noded truss elements can be created using this command. Each 
line of input contains the data for one truss element. The nodes and the 
material referred in the data for the truss element must have been defined 
previously in the same or an earlier step. Every element must have a 
unique 'Element Number', a positive integer. No two elements (even of 
different types) may have the same element number. The two nodes 
connected by the element are identified with their 'Node Numbers' (Node i 
and Node j ). The cross-sectional area of the member is input as a floating 
point number. The material number refers to a material previously 
defined. The 'Fit' parameter is used to account for mis-fabrications. 'Fit' is 
the excess length of the member. Finally 1Trn1 parameter is used for 
transferring initial displacements if the truss is connecting an existing 
node to a new node. If the parameter is zero, no transfer takes place. 
When 1Trn1 is set to one, the initial displacement of the new node is 
calculated from the displacement of the existing node. 
A.3.7 BEAM 
BEAM 
El No 
-
El No 
-
El No 
-
Nd_i 
Nd_i 
Nd_ i 
Nd . 
_] 
Nd . 
_] 
Nd . 
_] 
Area 
Area 
Area 
I Matl_No EndState_No Fit Trn 
I Matl_No EndState_No Fit Trn 
I Matl_No EndState_No Fit Trn 
Figure A-7 Usage of 'BEAM' 
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This command is used to create two-noded beam elements. The 
input parameters are similar to the truss element. 
El_No 
Nd_i 
Nd_j 
Area 
I 
Matl_No 
Element Number. Must be a positive integer. 
Node Number of the first node. 
Node Number of the second node. 
Cross-sectional area 
Moment of Inertia for in-plane bending 
Material Number for the material of this 
element. 
EndState_No A number describing the end condition of the 
Fit 
Trn 
element. The numbers are listed in Table 6. 
Excess length of the member 
Transfer number when connecting to new node 
0 No transfer 
1 Transfer of initial displacements 
2 Apply jacking force to fit to size when 
connecting to existing nodes. 
End Condition Number 
Fixed - Fixed 0 
Pinned - Fixed 1 
Fixed - Pinned 2 
Pinned - Pinned 3 
Table A-2 End State Numbers for Beam Members 
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The need to describe endstates is necessary because beam members 
may be pin-connected or fixed ended. Table A-2 lists different ID numbers 
describing the end connection. Node i is taken to be the first node and 
Node j the second. 
A.3.8 CHANGE-END 
CHANGE-END 
Element_No EndState_No 
Element_No EndState_No 
Element_No EndState_No 
Figure A-8 Usage of 'CHANGE-END' 
Sometimes during construction, the end connections of beam 
members change. This command is used to model this effect. Element 
Number identifies the beam element where the change is taking place. 
The End State Number is the number corresponding to the new state of the 
element. The appropriate EndState Numbers for different end conditions 
are listed in Table A-2. 
A.3.9 POINT-LOAD 
POINT-LOAD 
Element_No Load_Intensity Angle Position 
Element_No Load_Intensity Angle Position 
Element_No Load_Intensity Angle Position 
Figure A-9 Usage of 'POINT-LOAD' 
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This command is used to model concentrated forces applied on beam 
elements. The concentrated load may be applied on any point on the 
member. The input parameters are described below. 
Element_No Element Number of the element on which the 
load will be applied. 
Load_lntensity The value of the load in consistent units. 
Angle 
Position 
A.3.10 UDL 
UDL 
The angle made by the line of action of the 
load with negative Y direction in Local 
(Element) Coordinates. The local X direction 
goes from Node i to Node j. The Z direction is 
taken as coming out of the plane of the 2D 
structure. This defines the local coordinate 
system. 
Can have a value in the range 0.0-1.0 . This 
places the location of the load from Node i 
(Position=O.O) to Node j (Position=l.O). 
Element_No Load_Intensity Angle 
Element_No Load_Intensity Angle 
Element_No Load_Intensity Angle 
Figure A-10 Usage of 'UDL' 
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UDL is used to apply Uniformly Distributed Loads (UDL) on any 
beam element. Since the load is applied on the whole element there is no 
need for positioning. The parameters are described below. 
Element_No Element Number of the element on which the 
load will be applied. 
Load_Intensity The value of the load in consistent units. 
Angle The angle made by the line of action of the 
load with negative Y direction in Local 
(Element) Coordinates. The local X direction 
goes from Node i to Node j. The Z direction is 
taken as coming out of the plane of the 2D 
structure. This defines the local coordinate 
system. 
A.3.11 SOLVE 
SOLVE 
Figure A-ll Usage of 'SOLVE' 
The 'SOLVE' command marks the end of a step and initiates the 
solution procedure. No data is required to be input. After this command 
is issued the equations are solved, global displacements and element 
responses calculated and output. 
77 
A.3.12 END 
END 
Figure A-12 Usage of 'END' 
'END' command is used to signify the end of the input. When this 
command is encountered the program terminates. It is necessary to use 
this command at the end of all input data to ensure a graceful exit and 
saving of all output data generated. 
A.4 File structure 
NAME 
Name of the project 
Data for step 1 
Data for step 2 
Data for step 3 
END 
Figure A-13 The structure of input file 
The structure of the input file is quite simple. In the beginning 
there is an optional name for the project. Then data for each of the steps 
in construction is entered. And the end of the data stream is indicated by 
the END command. 
The data for one step in analysis is described in Figure A-14. All 
these sections may or may not be included in every step. The 'SOLVE' 
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command denotes the end of the step and initiates the solution process. 
The results are output after every step. Typical commands in a step 
include creating new nodes or elements, adding loads and changing the 
state of existing elements. Since equilibrium checks are made at each step, 
repetition of 'SOLVE' command will lead to equilibrium iterations at any 
given construction configuration. 
NODE 
datasets for nodes 
BOUNDARY 
datasets for Boundary 
ELASTIC 
dataset(s) for Elastic Material 
TRUSS 
datasets for truss elements 
BEAM 
datasets for beam elements 
LOAD 
datasets for nodal loads 
UDL 
datasets for Uniformly Distributed Loads 
POINT-LOAD 
datasets for concentrated loads 
CHANGE-ENDS 
datasets for changing end conditions 
SOLVE 
Figure A-14 Typical organization of data for one step 
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B.l Overview 
APPENDIX B 
FRAME-A DATA FILES 
To demonstrate the developed analysis method and software 
(SIMCON), an example problem is solved. Frame-A, a three-story two bay 
steel frame, is analyzed for service load conditions. The problem is first 
solved by simulation analysis, simulating the construction of the frame 
through six steps. The problem is also solved using conventional one step 
analysis by two separate software packages, SIMCON and SODA. The 
results from these two sets of analysis are compared for validating the new 
software SIMCON. In all three sets of analysis, same node and element 
numbers are used for discretizing the structure. Figure B-1 shows the node 
numbers and element numbers used. 
Figure B-1 Node and Element Numbers for Frame-A analysis 
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B.2 Simulation Analysis Input Data SIMCON 
* 
* Frame A Analysis using SIMCON consistent units --> kips & inches 
* 
NAME 
Frame A Fritz Engineering Lab Report 273.20 
* 
* Step 1 
* 
NODE 
1 0 0 
2 180 0 
3 360 0 
4 0 120 
5 180 120 
6 360 120 
ELASTIC 
1 29000 0.3 36 
BOUNDARY CONDITIONS 
1 0 
1 1 
1 2 
2 0 
2 1 
2 2 
3 0 
3 1 
3 2 
BEAM 
1 1 4 5.87 41.4 1 0 0. 0 
2 2 5 5.87 41.4 1 0 0. 0 
3 3 6 5.87 41.4 1 0 0. 0 
4 4 5 6.48 156.0 1 3 0. 0 
5 5 6 6.48 156.0 1 3 0. 0 
* Dead load on the beams in Kips/inch 
UDL-BEAM 
4 0.1125 0 
5 0.1125 0 
SOLVE 
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* 
* Step 2 
* 
NODE 
7 0 240 
8 180 240 
9 360 240 
10 0 360 
11 180 360 
12 360 360 
BEAM 
6 4 7 5.87 41.4 1 0 0. 1 
7 5 8 5.87 41.4 1 0 0. 1 
8 6 9 5.87 41.4 1 0 0. 1 
9 7 8 6.48 156.0 1 3 0. 0 
10 8 9 6.48 156.0 1 3 0. 0 
11 7 10 5.87 41.4 1 0 0. 1 
12 8 11 5.87 41.4 1 0 0. 1 
13 9 12 5.87 41.4 1 0 0. 1 
* Dead load on the beams in Kips/inch 
UDL-BEAM 
9 0.1125 0 
10 0.1125 0 
SOLVE 
* 
*Step 3 
* 
BEAM 
14 10 11 6.48 156.0 1 3 0. 2 
15 11 12 6.48 156.0 1 3 0. 2 
TRUSS 
16 2 6 1. 69 1 0. 0 
17 3 5 1. 69 1 0. 0 
CHANGE-END 
4 0 
5 0 
* Dead load on the beams in Kips/inch 
UDL-BEAM 
14 0.0875 0 
15 0.0875 0 
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* Wind Load in 
LOAD 
4 0 3.0 
SOLVE 
* 
*Step 4 
* 
TRUSS 
18 5 9 1. 69 
19 6 8 1. 69 
CHANGE-END 
9 0 
10 0 
* Wind Load in 
LOAD 
7 0 3.0 
SOLVE 
* 
*Step 5 
* 
CHANGE-END 
14 0 
15 0 
Kips 
1 0. 0 
1 0. 0 
Kips 
* Live load on the beams in Kips/inch 
UDL-BEAM 
4 0.1000 0 
5 0.1000 0 
* Wind Load in Kips 
LOAD 
10 0 1. 5 
SOLVE 
* 
* Step 6 
* 
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TRUSS 
20 8 12 1.69 1 0. 0 
21 9 11 1.69 1 0. 0 
* Live load on the beams 
UDL-BEAM 
9 0.1000 0 
10 0.1000 0 
14 0.0750 0 
15 0.0750 0 
SOLVE 
* 
in Kips/inch 
* Iterate once for better equilibrium convergence 
SOLVE 
END 
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B.3 Simulation Analysis Output Data SIMCON 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 1 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L L 0 A D S 
Force X Force Y Moment Z 
-------+-----+-------------------------------+-------------------------------
1 0 0 0 -0 10.1 -0 
2 0 0 0 -0 20.3 -0 
3 0 0 0 -0 10.1 -0 
4 0 -0.00714 0 0 -10.1 0 
5 0 -0.0143 0 0 -20.2 0 
6 0 -0.00714 0 0 -10.1 0 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type I End I D I s p L A c E M E N T s F 0 R c E s I I 
& ID I Disp R Disp s I Rotn T Force R Force s Moment T I I 
:-------+-----+-------------------------------+-------------------------------
Beam 1 0 0 0 10.1 0 0 
1 4 -0.00714 -0 0 -10.1 -0 0 
+--+ 0 
Beam 2 0 0 0 20.3 0 0 
2 5 -0.0143 -0 0 -20.3 -0 0 
+--+ 0 
Beam 3 0 0 0 10.1 0 0 
3 6 -0.00714 -0 0 -10.1 -0 0 
+--+ 0 
Beam 4 2.83E-07 -0.00714 -3.97E-05 -0.000295 10.1 0 
4 5 5.66E-07 -0.0143 -3.97E-05 0.000295 10.1 0 
o--o 456 
Beam 5 -5.66E-07 -0.0143 3.97E-05 -0.000295 10.1 0 
5 6 -2.83E-07 -0.00714 3.97E-05 0.000295 10.1 0 
o--o 456 
+-----------------------------------------------------------------------------+ 
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A N A L y s I s R E s u L T s 
S T E P N U M B E R 2 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment z 
:-------+-----+-------------------------------+-------------------------------: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0 
0 
0 
-8.53E-08 
-8.38E-08 
-8.18E-08 
-6.1E-07 
-2.27E-07 
1.56E-07 
-9.3 5E-07 
-7.47E-08 
7.38E-08 
0 0 
0 0 
0 0 
-0.0143 2.79E-09 
-0.0285 1.4E-09 
-0.0143 -6.71E-10 
-0.0214 4.11E-09 
-0.0428 8.75E-11 
-0.0214 -1.2E-09 
-0.0214 2.02E-09 
-0.0428 -1.95E-09 
-0.0214 1.63E-09 
-6.97E-07 
-2.78E-08 
1E-06 
0 
0 
0 
-0.000401 
1.82E-12 
0.000401 
0 
0 
0 
20.3 1.31E-05 
40.5 -1.4E-05 
20.3 -5.44E-05 
-10.1 0 
-20.2 0 
-10.1 
-10.1 
-20.2 
-10.1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp S : Rotn T 
F 0 R C E S 
Force R Force S Moment T 
-------+-----+-------------------------------+-------------------------------: 
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
o--o 
1 
4 
2 
5 
3 
6 
4 
5 
0 -0 0 I 
-0.0143 8.53E-08 2.79E-09 
0 -0 0 
1. 4E-09 -0.0285 8.38E-08 
0 
-0.0143 
7.64E-07 
1.61E-06 
-0 0 
8.18E-08 -6.71E-10 
-0.0143 -7.93E-05 
-0.0285 -7.93E-05 
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20.3 6.82E-07 1.31E-05 
-20.3 -6.82E-07 6.88E-05 
2.79E-05 
40.5 -4.63E-10 -1.4E-05 
-40.5 4.63E-10 1.39E-05 
1. 4E-05 
20.3 -1.02E-06 -5.44E-05 
-20.3 1.02E-06 -6.78E-05 
-0.000888 
0.000888 
10.1 
10.1 
-6.72E-06 
0 
0 
456 
Beam 5 -1.78E-06 -0.0285 7.93E-05 -0.000888 10.1 0 
5 6 -9.31E-07 -0.0143 7.93E-05 0.000888 10.1 0 
o--o 456 
Beam 4 -0.00714 8.54E-08 2.79E-09 10.1 -9.27E-07 -6.89E-05 
6 7 -0.0143 6.1E-07 4 .11E-09 -10.1 9.27E-07 -4.24E-05 
+--+ 1. 32E-05 
Beam 5 -0.0143 8.38E-08 1.4E-09 20.3 -4.51E-07 -1.4E-05 
7 8 -0.0285 2.27E-07 8.75E-11 -20.3 4.51E-07 -4.02E-05 
+--+ 
-1. 31E-05 
Beam 6 -0.00714 8.18E-08 -6.71E-10 10.1 1.04E-06 6.78E-05 
8 9 -0.0143 -1.56E-07 -1.2E-09 -10.1 -1.04E-06 5.72E-05 
+--+ 
-5.33E-06 
Beam 7 1. 09E-06 -0.0143 -7.93E-05 -0.00217 10.1 0 
9 8 3.17E-06 -0.0285 -7.93E-05 0.00217 10.1 0 
o--o 456 
Beam 8 -3.62E-06 -0.0285 7.93E-05 -0.00217 10.1 0 
10 9 -1.54E-06 -0.0143 7.93E-05 0.00217 10.1 0 
o--o 456 
Beam 7 -0.0143 6.1E-07 4 .11E-09 0 3.57E-07 4.23E-05 
11 10 -0.0143 9.35E-07 2.02E-09 0 -3.57E-07 4.74E-07 
+--+ 
-2.09E-05 
Beam 8 -0.0285 2.27E-07 8. 75E-11 0 3.4E-07 4.07E-05 
12 11 -0.0285 7.46E-08 -1.95E-09 0 -3.4E-07 6.19E-08 
+--+ 
-2.03E-05 
Beam 9 -0.0143 -1.56E-07 -1.2E-09 0 -4. 71E-07 -5.66E-05 
13 12 -0.0143 -7.38E-08 1.63E-09 0 4. 71E-07 6.18E-08 
+--+ 2.83E-05 
+-----------------------------------------------------------------------------+ 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 3 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment Z 
-------+-----+-------------------------------+-------------------------------: 
1 0 0 0 -0.0608 28.1 4.35 
2 0 0 0 -0.624 54.3 3.83 
3 0 0 0 -2.37 30.1 3.55 
4 0.0109 -0.0198 -5.48E-05 3 -10.1 0 
5 0.00808 -0.0385 -1.08E-05 0 -20.2 0 
6 0.00751 -0.0201 -1.06E-05 0 -10.1 0 
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7 0.0122 -0.0325 3.12E-05 -0.000401 -10.1 0 
8 0.0121 -0.0639 -1. 2E-06 1.82E-12 -20.2 0 
9 0.0121 -0.0328 -5.26E-06 0.000401 -10.1 0 
10 0.00537 -0.038 6.88E-05 -0.000937 -7.88 0 
11 0.00537 -0.075 8.43E-05 2.36E-11 -15.8 0 
12 0.00537 -0.0384 8.62E-05 0.000937 -7.88 0 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp S : Rotn T 
F 0 R C E S 
Force R Force S Moment T 
:-------+-----+-------------------------------+-------------------------------
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
+--+ 
Beam 
5 
+--+ 
Beam 
6 
+--+ 
Beam 
7 
+--+ 
Beam 
8 
+--+ 
Beam 
9 
o--o 
Beam 
10 
o--o 
Beam 
11 
+--+ 
Beam 
1 
4 
2 
5 
3 
6 
4 
5 
5 1 
6 
4 
7 
5 
8 
6 
9 
7 
8 
8 
9 
7 
10 
8 
0 
-0.0198 
0 
0 0 
-0.0109 -5.48E-05 
0 0 
-0.0385 -0.00808 -1.08E-05 
0 0 0 
-0.0201 -0.00751 -1.06E-05 
0.0109 
0.00808 
0.00807 
0.00751 
-0.0127 
-0.0253 
-0.0198 -0.000134 
-0.0385 -9.01E-05 
-0.0385 6.85E-05 
-0.0201 6.87E-05 
-0.0109 -5.48E-05 
-0.0122 3.12E-05 
-0.0243 -0.00808 -1.08E-05 
-0.0497 -0.0121 -1.2E-06 
-0. 013 
-0.0257 
0.0122 
0.0121 
-0.00751 -1.06E-05 
-0.0121 -5.26E-06 
-0.0253 -0.000135 
-0.0496 -0.000135 
0.0121 -0.0497 0.000133 
0.0121 -0.0257 0.000133 
-0.0253 -0.0122 3.12E-05 
-0.0309 -0.00537 6.88E-05 
-0.0497 -0.0121 -1.2E-06 
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28.1 
-28.1 
54.7 
-54.7 
28.6 
-28.6 
2.93 
-2.93 
0.587 
-0.587 
0.0634 
-0.0634 
0.062 
-0.062 
0.0574 
-0.0574 
10.1 
10.1 
10.1 
10.2 
18 -0.00125 
-18 0.00125 
36 
-36 
18 
-18 
0.0167 
-0.0167 
0.0279 
-0.0279 
0.0304 
-0.0304 
10.1 
10.1 
0.0269 10.1 
-0.0269 10.1 
7.86 -0.00659 
-7.86 0.00659 
15.8 -0.0149 
4.35 
3.25 
-0.549 
3.83 
3.61 
-0.109 
3.55 
3.33 
-0.106 
-2.32 
-0.104 
457 
-5.09 
-5.07 
456 
-0.936 
0.786 
0.861 
1. 57 
1. 77 
0.0965 
1. 77 
1. 88 
0.0536 
0 
0 
456 
0 
0 
456 
-0.772 
-0.0193 
0.376 
-1.75 
12 11 -0.0608 -0.00537 8.43E-05 -15.8 0.0149 -0.0378 
+--+ 0.856 
Beam 9 -0.0257 -0.0121 -5.26E-06 7.88 -0.0157 -1.86 
13 12 -0.0312 -0.00536 8.62E-05 -7.88 0.0157 -0.0292 
+--+ 0.915 
Beam 10 0.00537 -0.0166 -8.66E-05 -0.00249 7.88 0 
14 11 0.00537 -0.0322 -8.66E-05 0.00249 7.87 0 
o--o 354 
Beam 11 0.00536 -0.0322 8.47E-05 -0.000208 7.88 0 
15 12 0.00536 -0.017 8.47E-05 0.000208 7.87 0 
o--o 354 
Truss 2 -0.0015 -0.679 
16 6 0.0015 0.679 
Truss 3 0.00613 2.78 
17 5 -0.00613 -2.78 
+-----------------------------------------------------------------------------+ 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 4 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment z 
:-------+-----+-------------------------------+-------------------------------: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0 
0 
0 
0. 0211 
0.0183 
0.0178 
0.0377 
0.0349 
0.0336 
0. 0413 
0.0412 
0.0412 
0 
0 
0 
0 
0 
0 
-0.0197 -0.000107 
-0.0367 -3.53E-05 
-0.0222 -7.4E-05 
-0.0324 -3.98E-06 
-0.0615 -2.44E-05 
-0.0355 -6.93E-05 
-0.0379 -4.62E-05 
-0.0726 -7.11E-05 
-0.041 -6.32E-05 
-0.118 
-2.1 
-3.83 
3 
0 
0 
3 
1.82E-12 
0.000401 
-0.000937 
2.36E-11 
0.000937 
28 
50.8 
33.9 
-10.1 
-20.2 
-10.1 
-10.1 
-20.2 
-10.1 
-7.88 
-15.8 
-7.88 
8.44 
8.46 
7.44 
0 
0 
0 
0 
0 
0 
0 
0 
0 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
89 
+-----------------------------------------------------------------------------+ 
Type l End l D I S P L A C E M E N T S F 0 R C E S 
&IDl Disp R Disp S : Rotn T Force R Force s Moment T 
:-------+-----+-------------------------------+-------------------------------: 
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
+--+ 
Beam 
5 
+--+ 
Beam 
6 
+--+ 
Beam 
7 
+--+ 
Beam 
8 
+--+ 
Beam 
9 
+--+ 
Beam 
10 
+--+ 
Beam 
11 
+--+ 
Beam 
12 
+--+ 
Beam 
13 
+--+ 
Beam 
14 
o--o 
Beam 
15 
o--o 
Truss 
1 
4 
2 
5 
3 
6 
4 I 
5 
5 
6 
4 
7 
5 
8 
6 
9 
7 
8 
8 
9 
7 
10 
8 
11 
9 
12 
10 1 
11 
11 
12 
2 
0 
-0.0197 
0 
-0.0367 
0 
-0.0222 
0.0211 
0.0183 
0.0183 
0.0178 
-0.0126 
-0.0252 
-0.0224 
-0.0472 
-0.015 
-0.0283 
0.0377 
0.0349 
0.0349 
0.0336 
-0.0252 
-0.0308 
-0.0472 
-0.0583 
-0.0283 
-0.0339 
0. 0413 
0.0412 
0.0412 
0.0412 
-0.00523 
0 0 
-0.0211 -0.000107 
0 0 
-0.0183 -3.53E-05 
0 0 
-0.0178 -7.4E-05 
-0.0197 -0.000186 
-0.0367 -0.000115 
-0.0367 
-0.0222 
4.4E-05 
5.3E-06 
-0.0211 -0.000107 
-0.0377 -3.98E-06 
-0.0183 -3.53E-05 
-0.0349 -2.44E-05 
-0.0178 -7.4E-05 
-0.0336 -6.93E-05 
-0.0252 -0.00017 
-0.0472 -0.000158 
-0.0472 0.00011 
-0.0283 6.91E-05 
-0.0377 -3.98E-06 
-0.0413 -4.62E-05 
-0.0349 -2.44E-05 
-0.0412 -7.11E-05 
-0.0336 -6.93E-05 
-0.0412 -6.32E-05 I 
-0.0165 -7.39E-05 
-0.0298 -7.39E-05 
-0.0298 5.65E-05 
-0.0196 5.65E-05 
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28 
-28 
52.1 
-52.1 
31.4 
-31.4 
2.96 
-2.96 
0.499 
-0.499 
17.9 
-17.9 
35.2 
-35.2 
18.9 
-18.9 
2.94 
-2.94 
1. 34 
-1.34 
7.87 
-7.87 
15.8 
-15.8 
0.123 
-0.123 
0.135 
-0.135 
0.112 
-0.112 
10 
10.2 
10 
10.2 
0.0825 
-0.0825 
0.108 
-0.108 
0.0596 
-0.0596 
10.1 
10.2 
10.1 
10.2 
0.0051 
-0.0051 
0.00532 
-0.00532 
7.9 -0.00286 
-7.9 0.00286 
0.0725 7.88 
-0.0725 7.87 
0.0519 
-0.0519 
-2.37 
7.88 
7.87 
8.44 
6.31 
-1.07 
8.46 
7.75 
-0.354 
7.44 
5.96 
-0.741 
-10.2 
-6.63 
457 
-7.51 
-9.45 
455 
3. 92 
5.98 
1.03 
6.38 
6.6 
0.109 
3. 53 
3.62 
0.0471 
-6.62 
-6.02 
456 
-1.31 
-3.36 
455 
0.729 
-0.117 
-0.423 
0.787 
-0.148 
-0.468 
-0.232 
-0.111 
0.0607 
0 
0 
354 
0 
0 
354 
16 6 0.00523 2.37 
Truss 3 0.00988 4.48 
17 5 -0.00988 -4.48 
Truss 5 -0.00343 -1.55 
18 9 0.00343 1. 55 
Truss 6 0.00393 1. 78 
19 8 -0.00393 -1.78 
+-----------------------------------------------------------------------------+ 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 5 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment Z 
-------+-----+-------------------------------+-------------------------------: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0 
0 
0 
0.0239 
0. 0211 
0.0215 
0.0451 
0.041 
0.0388 
0.129 
0.128 
0.127 
0 
0 
0 
0 
0 
0 
-0.025 -0.00165 
-0.0492 -4.56E-05 
-0.0289 0.00147 
-0.0374 -4.36E-05 
-0.0733 -0.000109 
-0.043 -0.000405 
-0.0428 -0.000343 
-0.0843 -0.000139 
-0.0488 -0.000257 
0.633 
-1.98 
-6.38 
3 
-0.000123 
0. 000728 
3 
1.82E-12 
0.000401 
1.5 
2. 3 6E-11 
0.000937 
35.5 
68.6 
44.6 
-21 
9.64 
40.2 
-19.1 -270 
-38.2 -0.00709 
-19.1 270 
-10.1 0 
-20.2 0 
-10.1 0 
-7.88 0 
-15.8 0 
-7.88 0 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp S : Rotn T 
F 0 R C E S 
Force R Force S Moment T 
-------+-----+-------------------------------+-------------------------------
Beam 1 0 0 ·o 35.5 -0.626 -21 
1 4 -0.025 -0.0239 -0.00165 -35.5 0. 626 -54 
+--+ 
-16.5 
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Beam 2 0 0 0 69.8 0.153 9.64 
2 5 -0.0492 -0.0211 -4.56E-05 -69.8 -0.153 8.73 
+--+ 
-0.457 
Beam 3 0 0 0 40.9 0.917 40.2 
3 6 -0.0289 -0.0215 0.00147 -40.9 -0.917 69.7 
+--+ 14.7 
Beam 4 0.0239 -0.025 -0.00173 2.95 17.8 110 
4 5 0. 0211 -0.0492 -0.000125 -2.95 20.5 -349 
+--+ 631 
Beam 5 0. 0211 -0.0492 3.37E-05 -0.386 20.3 334 
5 6 0.0215 -0.0289 0.00155 0. 386 18 -129 
+--+ 629 
Beam 4 -0.0179 -0.0239 -0.00165 17.7 -0.67 -56.3 
6 7 -0.0303 -0.0451 -4.36E-05 -17.7 0.67 -24.2 
+--+ 16.1 
Beam 5 -0.0349 -0.0211 -4.56E-05 34.1 0.0891 5.98 
7 8 -0.059 -0.041 -0.000109 -34.1 -0.0891 4. 71 
+--+ 
-0.632 
Beam 6 -0.0217 -0.0215 0.00147 20.1 0.679 59.5 
8 9 -0.0359 -0.0388 -0.000405 -20.1 -0.679 21.9 
+--+ 
-18.8 
Beam 7 0.0451 -0.0303 -0.00021 4.21 10 -9.26 
9 8 0.041 -0.059 -0.000243 -4.21 10.2 -10.9 
+--+ 455 
Beam 8 0.041 -0.059 2.56E-05 2.34 9. 71 -30.2 
10 9 0.0388 -0.0359 -0.000267 -2.34 10.5 -44.9 
+--+ 448 
Beam 7 -0.0303 -0.0451 -4.36E-05 7.56 0.507 33.4 
11 10 -0.0356 -0.129 -0.000343 -7.56 -0.507 27.4 
+--+ 
-3 
Beam 8 -0.059 -0.041 -0.000109 15.7 0.601 36.4 
12 11 -0.07 -0.128 -0.000139 -15.7 -0.601 35.8 
+--+ 
-0.306 
Beam 9 -0.0359 -0.0388 -0.000405 8.18 0.409 23 
13 12 -0.0416 -0.128 -0.000257 -8.18 -0.409 26 
+--+ 1. 49 
Beam 10 0.129 -0.0214 -0.000371 1.16 7. 63 -27.6 
14 11 0.128 -0.0415 -0.000142 -1.16 8.12 -16.1 
+--+ 360 
Beam 11 0.128 -0.0415 -1.18E-05 I 0.515 7.62 -19.9 
15 12 0.127 -0.0275 -0.000137 -0.515 8.13 -26.2 
+--+ 351 
Truss 2 -0.00488 -2.21 
16 6 0.00488 2.21 
Truss 3 0.0145 6.57 
17 5 -0.0145 -6.57 
Truss 5 -0.00581 -2.63 
18 9 0.00581 2.63 
Truss 6 0.00639 2.9 
19 8 -0.00639 -2.9 
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+-----------------------------------------------------------------------------+ 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 6 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE D I s p L A C E M E NT s E X T E R N A L L 0 AD s 
No. Disp X Disp Y I Rotn z Force X Force y Moment z I 
:-------+-----+-------------------------------+-------------------------------: 
1 0 0 0 0.618 49.7 -21.6 
2 0 0 0 -0.518 103 7 
3 0 0 0 -7.81 59 37.5 
4 I 0. 0171 -0.035 -0.00151 3 -19.1 -270 
5 0.015 -0.0726 -2.59E-05 -0.000123 -38.2 -0.00709 
6 0.0187 -0.0383 0.00141 0.000728 -19.1 270 
7 0.0255 -0.0573 -0.00146 3 -19.1 -270 
8 0.0221 -0.121 -7.88E-05 -0.000279 -38.2 -0.00537 
9 0.0223 -0.0618 0. 00115 0.00191 -19.1 270 
10 0.0929 -0.0668 -0.00173 1.5 -14.6 -202 
11 0.0905 -0.142 -0.000121 -0.000226 -29.2 -0.00141 
12 0.0894 -0.0715 0.00124 0.00227 -14.6 202 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type End D I s p L A c E M E N T s F 0 R c E s 
& ID Disp R Disp s I Rotn T Force R Force s Moment T I 
:-------+-----+-------------------------------+-------------------------------: 
Beam 1 0 0 0 49.7 -0.611 -21.6 
1 4 -0.035 -0.0171 -0.00151 -49.7 0. 611 -51.7 
+--+ -15.1 
Beam 2 0 0 0 103 0.112 7 
2 5 -0.0726 -0.015 -2.59E-05 -103 -0.112 6.48 
+--+ -0.259 
Beam 3 0 0 0 54.4 0.859 37.5 
3 6 -0.0383 -0.0187 0.00141 -54.4 -0.859 65.6 
+--+ 14.1 
Beam 4 0. 0171 -0.035 -0.00158 2.19 18.1 137 
4 5 0.015 -0.0726 -0.000105 -2.19 20.2 -329 
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+--+ 628 
Beam 5 0.015 -0.0726 5.34E-05 -3.84 20.1 321 
5 6 0.0187 -0.0383 0.00148 3.84 18.2 -147 
+--+ 627 
Beam 4 -0.0279 -0.0171 -0.00151 31.6 -1.41 -85.2 
6 7 -0.0501 -0.0255 -0.00146 -31.6 1. 41 -84.2 
+--+ 0.499 
Beam 5 -0.0583 -0.015 -2.59E-05 68 0.00688 0.943 
7 8 -0.106 -0.0221 -7.88E-05 -68 -0.00688 -0.115 
+--+ 
-0.529 
Beam 6 -0.0312 -0.0187 0.00141 33.4 1. 31 81.1 
8 9 -0.0547 -0.0223 0. 00115 -33.4 -1.31 76.1 
+--+ 
-2.53 
Beam 7 0.0255 -0.0501 -0.00162 3.48 18.1 143 
9 8 0.0222 -0.106 -0.000213 -3.48 20.1 -326 
+--+ 626 
Beam 8 0.0221 -0.106 5.56E-05 -0.176 19.8 297 
10 9 0.0223 -0.0547 0.00129 0.176 18.5 -181 
+--+ 622 
Beam 7 -0.0501 -0.0255 -0.00146 13.5 -1.03 -59.2 
11 10 -0.0597 -0.0929 -0.00173 -13.5 1. 03 -64.7 
+--+ 
-2.75 
Beam 8 -0.106 -0.0222 -7.88E-05 30.5 0.47 28.7 
12 11 -0.128 -0.0906 -0.000121 -30.5 -0.47 27.8 
+--+ 
-0.426 
Beam 9 -0.0547 -0.0223 0. 00115 13.7 1. 76 105 
13 12 -0.0643 -0.0894 0.00124 -13.7 -1.76 106 
+--+ 0.903 
Beam 10 0.0929 -0.0454 -0.00176 2.41 13.5 64.6 
14 11 0.0906 -0.0992 -0.000124 -2.41 15.7 -258 
+--+ 497 
Beam 11 0.0905 -0.0992 6.29E-06 1.17 15.3 230 
15 12 0.0894 -0.0501 0.00136 -1.17 13.9 -106 
+--+ 490 
Truss 2 -0. 00111 -0.503 
16 6 0. 00111 0.503 
Truss 3 0.0185 8.37 
17 5 -0.0185 -8.37 
Truss 5 -0.00274 -1.24 
18 9 0.00274 1. 24 
Truss 6 0.0102 4.6 
19 8 -0.0102 -4.6 
Truss 8 0. 00116 0.525 
20 12 -0.00116 -0.525 
Truss 9 0.00207 0.937 
21 11 -0.00207 -0.937 
+-----------------------------------------------------------------------------+ 
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A N A L y s I s R E s u L T s 
S T E P N U M B E R 7 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE I D I s p L A C E M E N T s E X T E R N A L L 0 A D s I 
No. Disp X Disp Y I Rotn z Force X Force y Moment z I 
:-------+-----+-------------------------------+-------------------------------: 
1 0 0 0 0.623 49.7 -22 
2 0 0 0 -0.372 103 6.54 
3 0 0 0 -7.67 58.6 37.1 
4 0.0161 -0.035 -0.0015 3 -19.1 -270 
5 0.014 -0.0728 -2.34E-05 -0.000123 -38.2 -0.00709 
6 0.0177 -0.0381 0.00141 0.000728 -19.1 270 
7 0.0231 -0.0573 -0.00145 3 -19.1 -270 
8 0.0198 -0.121 -7.67E-05 -0.000279 -38.2 -0.00537 
9 0.0201 -0.0616 0. 00116 0.00191 -19.1 270 
10 0.0903 -0.0669 -0.00173 1.5 -14.6 -202 
11 0.0879 -0.142 -0.00012 -0.000226 -29.2 -0.00141 
12 0.0866 -0. 0712 0.00125 0.00227 -14.6 202 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp s : Rotn T 
F 0 R C E S 
Force R Force S Moment T 
:-------+-----+-------------------------------+-------------------------------: 
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
+--+ 
Beam 
5 
+--+ 
1 
4 
2 
5 
3 
6 
4 
5 
5 
6 
0 
-0.035 
0 
-0.0728 
0 
-0.0381 
0.0161 
0.014 
0.014 
0.0177 
0 
-0.0161 
0 
0 
-0.0015 
0 
-0.014 -2.34E-05 
0 
-0.0177 
0 
0.00141 
-0.035 -0.00158 
-0.0728 -0.000103 
-0.0728 5.59E-05 
-0.0381 0.00149 
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49.7 
-49.7 
103 
-103 
54.1 
-54.1 
2.19 
-2.19 
-3.84 
3.84 
-0.617 
0.617 
0.105 
-0.105 
0.854 
-0.854 
18.1 
20.2 
20.1 
18.2 
-22 
-52 
-15 
6.54 
6.07 
-0.234 
37.1 
65.4 
14.1 
138 
-328 
628 
322 
-146 
627 
Beam 4 -0.0279 -0.0161 -0.0015 31. 6 -1.42 -85.7 
6 7 -0.0501 -0.0231 -0.00145 -31. 6 1. 42 -84.7 
+--+ 0.474 
Beam 5 -0.0586 -0.014 -2.34E-05 68.2 -0.00149 0.446 
7 8 -0.107 -0.0198 -7.67E-05 -68.2 0.00149 -0.622 
+--+ 
-0.534 
Beam 6 -0.031 -0.0177 0.00141 33.3 1.31 80.9 
8 9 -0.0544 -0.0201 0. 00116 -33.3 -1.31 75.8 
+--+ 
-2.54 
Beam 7 0.0231 -0.0501 -0.00162 3.38 18.1 144 
9 8 0.0199 -0.107 -0.000211 -3.38 20.1 -325 
+--+ 626 
Beam 8 0.0198 -0.107 5.76E-05 -0.298 19.8 297 
10 9 0.0201 -0.0544 0.0013 0.298 18.5 -180 
+--+ 622 
Beam 7 -0.0502 -0.0231 -0.00145 13.5 -1.03 -59.2 
11 10 -0.0597 -0.0903 -0.00173 -13.5 1. 03 -64.8 
+--+ 
-2.79 
Beam 8 -0.107 -0.0199 -7.67E-05 30.5 0.469 28.6 
12 11 -0.128 -0.0879 -0.00012 -30.5 -0.469 27.7 
+--+ 
-0.436 
Beam 9 -0.0544 -0.0201 0. 00116 13.7 1. 76 105 
13 12 -0.0641 -0.0866 0.00125 -13.7 -1.76 106 
+--+ 0.891 
Beam 10 0.0903 -0.0454 -0.00176 2.53 13.6 64.8 
14 11 0.0879 -0.0996 -0.000123 -2.53 15.7 -258 
+--+ 497 
Beam 11 0.0878 -0.0996 7.38E-06 1.3 15.3 230 
15 12 0.0866 -0.0498 0.00137 -1.3 13.9 -106 
+--+ 490 
Truss 2 -0.000741 -0.336 
16 6 0.000741 0.336 
Truss 3 0.0181 8.21 
17 5 -0.0181 -8.21 
Truss 5 -0.0024 -1.09 
18 9 0.0024 1. 09 
Truss 6 0.00979 4.43 
19 8 -0.00979 -4.43 
Truss 8 0. 00118 0.536 
20 12 -0.00118 -0.536 
Truss 9 0.00204 0.927 
21 11 -0.00204 -0.927 
+-----------------------------------------------------------------------------+ 
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B.4 One-step Analysis Input Data : SIMCON 
Frame A Analysis using SIMCON : consistent units --> kips & inches 
Use a one-step analysis for comparison 
* 
NAME 
Frame A 
* 
Fritz Engineering Lab Report 273.20 
* One Step analysis 
* 
NODE 
1 0 0 
2 180 0 
3 360 0 
4 0 120 
5 180 120 
6 360 120 
7 0 240 
8 180 240 
9 360 240 
10 0 360 
11 180 360 
12 360 360 
ELASTIC 
1 29000 0.3 36 
BOUNDARY CONDITIONS 
1 0 
1 1 
1 2 
2 0 
2 1 
2 2 
3 0 
3 1 
3 2 
BEAM 
1 1 4 5.87 41.4 1 0 0. 0 
2 2 5 5.87 41.4 1 0 0. 0 
3 3 6 5.87 41.4 1 0 0. 0 
4 4 5 6.48 156.0 1 0 0. 0 
5 5 6 6.48 156.0 1 0 0. 0 
6 4 7 5.87 41.4 1 0 0. 0 
7 5 8 5.87 41.4 1 0 0. 0 
8 6 9 5.87 41.4 1 0 0. 0 
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9 7 8 6.48 156.0 1 0 0. 0 
10 8 9 6.48 156.0 1 0 0. 0 
11 7 10 5.87 41.4 1 0 0. 0 
12 8 11 5.87 41.4 1 0 0. 0 
13 9 12 5.87 41.4 1 0 0. 0 
14 10 11 6.48 156.0 1 0 0. 0 
15 11 12 6.48 156.0 1 0 0. 0 
TRUSS 
16 2 6 1.69 1 0. 0 
17 3 5 1.69 1 0. 0 
18 5 9 1. 69 1 0. 0 
19 6 8 1. 69 1 0. 0 
20 8 12 1. 69 1 0. 0 
21 9 11 1. 69 1 0. 0 
* Dead load on the beams in Kips/inch 
UDL-BEAM 
4 0.1125 0 
5 0.1125 0 
9 0.1125 0 
10 0.1125 0 
14 0.0875 0 
15 0.0875 0 
* Live load on the beams in Kips/inch 
UDL-BEAM 
4 0.1000 0 
5 0.1000 0 
9 0.1000 0 
10 0.1000 0 
14 0.0750 0 
15 0.0750 0 
* Wind Load in Kips 
LOAD 
4 0 3.0 
7 0 3.0 
10 0 1.5 
SOLVE 
* 
SOLVE 
END 
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B.5 One-step Analysis Output Data SIMCON 
A N A L y s I s R E s u L T s 
S T E P N U M B E R 1 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE : D I S P L A C E M E N T S 
No. Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment Z 
:-------+-----+-------------------------------+-------------------------------: 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0 
0 
0 
0.00988 
0.00849 
0.0161 
-0.00365 
-0.00641 
-0.00353 
-0.0393 
-0.0438 
-0.0461 
0 
0 
0 
-0.0333 
-0.0746 
-0.036 
-0.0546 
-0.123 
-0.058 
-0.0636 
-0.145 
-0.0666 
0 
0 
0 
-0.00306 
4.79E-06 
0.00304 
-0.00269 
3.62E-05 
0.00294 
-0.00311 
2.02E-05 
0.00332 
1. 45 
1.17 
-10.8 
3 
0 
0 
3 
0 
0 
1.5 
0 
0 
47.2 
107 
57.2 
-19.1 
-38.2 
-19.1 
-19.1 
-38.2 
-19.1 
-14.6 
-29.2 
-14.6 
-56.3 
4.35 
68.9 
-574 
0 
574 
-574 
0 
574 
-439 
9.54E-07 
439 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp s : Rotn T 
F 0 R C E S 
Force R Force S Moment T 
-------+-----+-------------------------------+-------------------------------: 
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
1 
4 
2 
5 
3 
6 
4 
5 
0 0 0 
-0.0333 -0.00989 -0.00306 
0 0 0 
-0.0746 -0.00849 4.79E-06 
0 
-0.036 
0.00989 
0.0085 
0 
-0.0161 
0 
0.00304 
-0.0333 -0.00306 
-0.0746 4.79E-06 
99 
47.2 
-47.2 
106 
-106 
51.1 
-51.1 
1. 45 
-1.45 
-1.45 
1.45 
0.0733 
-0.0733 
1. 66 
-1.66 
16.9 
21.3 
-56.3 
-118 
-30.6 
4.35 
4.44 
0.048 
68.9 1 
130 
30.4 
301 
-693 
+--+ 364 
Beam 5 0.00847 -0.0746 4.79E-06 -8 21.3 695 
5 6 0.0161 -0.036 0.00304 8 16.9 -300 
+--+ 3 63 
Beam 4 -0.0333 -0.00988 -0.00306 30.3 -2.99 -183 
6 7 -0.0546 0.00366 -0.00269 -30.3 2.99 -176 
+--+ 3.77 
Beam 5 -0.0746 -0.00848 4.79E-06 69.2 -0.104 -6.54 
7 8 -0.123 0.00643 3.62E-05 -69.2 0.104 -5.92 
+--+ 0.314 
Beam 6 -0.036 -0.0161 0.00304 31.2 2.83 171 
8 9 -0.058 0.00354 0.00294 -31.2 -2.83 169 
+--+ 
-0.998 
Beam 7 -0.00363 -0.0546 -0.00269 2.85 17.5 363 
9 8 -0.00636 -0.123 3.62E-05 -2.85 20.7 -648 
+--+ 355 
Beam 8 -0.00646 -0.123 3.62E-05 -3.03 21 670 
10 9 -0.00355 -0.058 0.00294 3.03 17.2 -331 
+--+ 360 
Beam 7 -0.0546 0.00367 -0.00269 12.8 -3.2 -188 
11 10 -0.0636 0.0393 -0.00311 -12.8 3.2 -196 
+--+ 
-4.21 
Beam 8 -0.123 0.00645 3.62E-05 31.2 -0.284 -16.9 
12 11 -0.145 0.0439 2.02E-05 -31.2 0.284 -17.2 
+--+ 
-0.159 
Beam 9 -0.058 0.00355 0.00294 12.2 2.78 163 
13 12 -0.0666 0.0461 0.00332 -12.2 -2.78 170 
+--+ 3.78 
Beam 10 -0.0393 -0.0636 -0.00311 4.69 12.8 196 
14 11 -0.0438 -0.145 2.02E-05 -4.69 16.5 -524 
+--+ 298 
Beam 11 -0.0439 -0.145 2.02E-05 2.3 16.7 542 
15 12 -0.0461 -0.0666 0.00332 -2.3 12.6 -170 
+--+ 302 
Truss 2 0.00327 1. 48 
16 6 -0.00327 -1.48 
Truss 3 0.0242 11 
17 5 -0.0242 -11 
Truss 5 0.000401 0.182 
18 9 -0.000401 -0.182 
Truss 6 0.0148 6.71 
19 8 -0.0148 -6.71 
Truss 8 0.000758 0.343 
20 12 -0.000758 -0.343 
Truss 9 0.00743 3.36 
21 11 -0.00743 -3.3 6 
+-----------------------------------------------------------------------------+ 
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A N A L y s I s R E s u L T s 
S T E P N U M B E R 2 
N 0 D A L R E S U L T S 
+-----------------------------------------------------------------------------+ 
NODE 
No. 
D I S P L A C E M E N T S 
Disp X Disp Y : Rotn z 
E X T E R N A L 
Force X Force Y 
L 0 A D S 
Moment Z 
-------+-----+-------------------------------+-------~-----------------------
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0 
0 
0 
0.00754 
0.00614 
0.0138 
-0.00901 
-0.0117 
-0.00878 
-0.0467 
-0.0512 
-0.0535 
0 
0 
0 
-0.0333 
-0.0753 
-0.0355 
-0.0547 
-0.124 
-0.0573 
-0.0637 
-0.147 
-0.066 
0 
0 
0 
-0.00305 
1.07E-05 
0.00306 
-0.00268 
4.27E-05 
0.00296 
-0.00311 
2.4E-05 
0.00333 
1. 47 
1. 49 
-10.5 
3 
0 
0 
3 
0 
0 
1.5 
0 
0 
47.3 
108 
56.2 
-19.1 
-38.2 
-19.1 
-19.1 
-38.2 
-19.1 
-14.6 
-29.2 
-14.6 
-57.3 
3.29 
68.1 
-574 
0 
574 
-574 
0 
574 
-439 
9.54E-07 
439 
+-----------------------------------------------------------------------------+ 
E L E M E N T R E S U L T S 
+-----------------------------------------------------------------------------+ 
Type 
& ID 
End D I S P L A C E M E N T S 
Disp R Disp S : Rotn T Force R 
F 0 R C E S 
Force S Moment T 
:-------+-----+-------------------------------+-------------------------------
Beam 
1 
+--+ 
Beam 
2 
+--+ 
Beam 
3 
+--+ 
Beam 
4 
+--+ 
Beam 
5 
+--+ 
1 
4 
2 
5 
3 
6 
4 1 
5 
5 
6 
0 0 0 
-0.0333 -O.Q0754 -0.00305 
0 0 0 
-0.0753 -0.00615 1.07E-05 
0 0 0 
-0.0355 -0.0138 0.00306 
0.00755 -0.0333 -0.00305 
0.00616 -0.0753 1.07E-05 
0.00613 -0.0753 1.07E-05 
0.0138 -0.0355 0.00306 
101 
47.3 
-47.3 
107 
-107 
50.4 
-50.4 
1. 45 
-1.45 
-8.02 
8.02 
-1.47 
1.47 
0.0567 
-0.0567 
1.64 
-1.64 
17 
21.3 
21.3 
16.9 
-57.3 
-118 
-30.6 
3.29 
3.51 
0.107 
68.1 
129 
30.6 
303 
-691 
3 64 
695 
-299 
3 63 
Beam 4 -Oo0333 -0000754 -0000305 3003 -3001 -184 
6 7 -Oo0547 0000901 -Oo00268 -30o3 3001 -177 
+--+ 3o73 
Beam 5 -000753 -Oo00613 1. 07E-05 6908 -Oo122 -7066 
7 8 -Oo124 0 0 0117 4o27E-05 
-69o8 00122 -7002 
+--+ 0032 
Beam 6 -000355 -0 0 0138 Oo00306 30o9 2082 170 
8 9 -000573 0000879 0000296 -3009 -2082 168 
+--+ 
-Oo999 
Beam 7 -0000899 -Oo0547 -0000268 208 1706 365 
9 8 -Oo0117 -Oo124 4o27E-05 -208 2007 -646 
+--+ 355 
Beam 8 -0 0 0118 -00124 4o27E-05 -3009 21 670 
10 9 -000088 -000573 Oo00296 3009 1702 -331 
+--+ 360 
Beam 7 -000547 0000902 -Oo00268 12o8 -3o21 -188 
11 10 -000637 000467 -0 0 00311 -12o8 3021 -197 
+--+ 
-4029 
Beam 8 -00124 0 0 0118 4o27E-05 31.3 -00296 -1706 
12 11 -00147 000513 2o4E-05 -31.3 00296 -18 
+--+ 
-00187 
Beam 9 -000573 Oo0088 Oo00296 12o3 2077 163 
13 12 -000659 Oo0535 0000333 -12o3 -2077 170 
+--+ 3076 
Beam 10 -Oo0466 -Oo0637 -0 0 00311 4 0 71 1208 197 
14 11 -000512 -00147 2o4E-05 -4 0 71 16o4 -523 
+--+ 298 
Beam 11 -000513 -00147 2o4E-05 2o33 16o7 541 
15 12 -000535 -000659 Oo00333 -2o33 12o6 -170 
+--+ 303 
Truss 2 0000409 1085 
16 6 -0000409 -1o85 
Truss 3 000234 1006 
17 5 -000234 -1006 
Truss 5 Oo00122 00553 
18 9 -0000122 -0o553 
Truss 6 00014 6 0 36 
19 8 -00014 -6 0 36 
Truss 8 0 0 00114 Oo518 
20 12 -Oo00114 -00518 
Truss 9 Oo00708 3021 
21 11 -Oo00708 -3021 
+-----------------------------------------------------------------------------+ 
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B.6 One-step Analysis Input Data : SODA 
************************************************************************* 
I N P U T D A T A E C H 0 
************************************************************************* 
PROJECT TITLE 
FRAME A ASD design (1965} from Fritz Engg Lab Report 273.20 
PROJECT DESCRIPTION 
This frame is analyzed for comparison with runs from SIMCON. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Run by, 
GENERAL DATA 
Dimension 
2-D 
Analysis 
First Order 
STRUCTURE DATA 
Members 
21 
NODE DATA 
Node Name 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 10 
11 11 
12 12 
Ashfaque Chowdhury 
PhD Candidate 
Department of Civil Engineering 
Lehigh University 
Bethlehem, PA 18015 
Structure Action Design Code 
Frame Analysis 
Output Units 
Normal kips;in 
Sway Database Foreign Sections 
Groups 
6 
X-Coordinate 
(in} 
0 
180 
360 
0 
180 
360 
0 
180 
360 
0 
180 
360 
AISC. SDA 
Nodes 
12 
Y-Coordinate 
(in} 
0 
0 
0 
120 
120 
120 
240 
240 
240 
360 
360 
360 
103 
Not Included 
Load Cases Supports 
1 3 
Support Type 
Fixed 
Fixed 
Fixed 
OTHER SUPPORT DATA 
Node 
Name 
Translation Spring (kip/in Rotation Spring (kipin /rad) 
tran-X tran-Y tran-Z rotn-X rotn-Y rotn-Z 
MEMBER DATA 
Member Start End Joint Beta Length_Factors Group 
Name Node Node Type Angle Kx Ky Bx Name 
--------------------------------------------------------------------------
1 4 4 5 +---+ 0 GX1-1 
2 5 5 6 +---+ 0 GX1-1 
3 9 7 8 +---+ 0 GX2-2 
4 10 8 9 +---+ 0 GX2-2 
5 14 10 11 +---+ 0 GX3-3 
6 15 11 12 +---+ 0 GX3-3 
7 2 2 5 +---+ 0 IC1-3 
8 7 5 8 +---+ 0 IC1-3 
9 12 8 11 +---+ 0 IC1-3 
10 1 1 4 +---+ 0 EC1-3 
11 6 4 7 +---+ 0 EC1-3 
12 11 7 10 +---+ 0 EC1-3 
13 3 3 6 +---+ 0 EC1-3 
14 8 6 9 +---+ 0 EC1-3 
15 13 9 12 +---+ 0 EC1-3 
16 16 2 6 o---o 0 BR1-3 
17 18 5 9 o---o 0 BR1-3 
18 20 8 12 o---o 0 BR1-3 
19 17 3 5 o---o 0 BR1-3 
20 19 6 8 o---o 0 BR1-3 
21 21 9 11 o---o 0 BR1-3 
GROUP ANALYSIS DATA 
Group Shape X-Section Young's Shear X-Sect'n Moment 
Name File Designation Modulus Modulus Area of Inertia 
(ksi) (ksi) (in)2 (in) 4 
--------------------------------------------------------------------
1 
2 
3 
4 
5 
6 
GX1-1 w 12X22 
GX2-2 w 12X22 
GX3-3 w 12X19 
IC1-3 w 6X20 
EC1-3 w 6X20 
BR1-3 EL1L 3.5X3.5X.25 
SPECIFIED LOAD DATA 
Specified Nodal Load: WIND 
Node Forces (kip) 
Name 
10 
7 
X 
1.5 
3 
y 
0 
0 
29000 11200 
29000 11200 
29000 11200 
29000 11200 
29000 11200 
29000 11200 
Moment (kip-in) 
z 
0 
0 
104 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
1 
2 
1 
2 
3 
4 
4 3 0 0 
Specified Member Load: DEAD 
Member w@Start Start w@Finish Finish Orient- Load Type 
Name (kip/in) (L/100) (kip/in) (L/100) at ion 
-----------------------------------------------------------------------
4 -0.1125 0 -0.1125 1 y FULL UNIDL 
5 -0.1125 0 -0.1125 1 y FULL UNIDL 
9 -0.1125 0 -0.1125 1 y FULL UNIDL 
10 -0.1125 0 -0.1125 1 y FULL UNIDL 
14 -0.0875 0 -0.0875 1 y FULL UNIDL 
15 -0.0875 0 -0.0875 1 y FULL UNIDL 
Specified Member Load: LIVE 
Member w@Start Start w@Finish Finish Orient- Load Type 
Name (kip/in) (L/100) (kip/in) (L/100) at ion 
-----------------------------------------------------------------------
4 -0.1 0 -0.1 1 y FULL UNIDL 
5 -0.1 0 -0.1 1 y FULL UNIDL 
9 -0.1 0 -0.1 1 y FULL UNIDL 
10 -0.1 0 -0.1 1 y FULL UNIDL 
Specified Member Load: ROOF-LIVE 
Member w@Start Start w@Finish Finish Orient- Load Type 
Name (kip/in) (L/100) (kip/in) (L/100) at ion 
-----------------------------------------------------------------------
14 -0.075 0 
15 -0.075 0 
LOAD COMBINATIONS 
L o a d C o m b i n a t i o n 
Service Load 
Node 
Name 
Specified 
10 
7 
4 
Member 
Name 
Specified 
4 
5 
9 
10 
Forces (kip) 
X y 
Nodal Load: 'WIND' 
1.5 0 
3 0 
3 0 
w@Start Start 
(kip/in) (L/100) 
Member Load: 'DEAD' 
-0.1125 0 
-0.1125 0 
-0.1125 0 
-0.1125 0 
-0.075 1 
-0.075 1 
1 
Moment (kip-in) 
z 
y 
y 
with a Load Factor of 1 
0 
0 
0 
w@Finish Finish Orient-
(kip/in) (L/100) at ion 
with a Load Factor of 1 
-0.1125 1 y 
-0.1125 1 y 
-0.1125 1 y 
-0.1125 1 y 
105 
FULL UNIDL 
FULL UNIDL 
Load Type 
FULL UNIDL 
FULL UNIDL 
FULL UNIDL 
FULL UNIDL 
5 
6 
1 
2 
3 
4 
1 
2 
14 -0.0875 0 -0.0875 1 y FULL UNIDL 
15 -0.0875 0 -0.0875 1 y FULL UNIDL 
Specified Member Load: 'LIVE' with a Load Factor of 1 
4 -0.1 0 -0.1 1 y FULL UNIDL 
5 -0.1 0 -0.1 1 y FULL UNIDL 
9 -0.1 0 -0.1 1 y FULL UNIDL 
10 -0.1 0 -0.1 1 y FULL UNIDL 
Specified Member Load: 'ROOF-LIVE' with a Load Factor of 1 
14 -0.075 0 -0.075 1 y FULL UNIDL 
15 -0.075 0 -0.075 1 y FULL UNIDL 
************************************************************************** 
I N P U T DATA E C H 0 
************************************************************************** 
Section Properties 
Group 
Name 
GX1-1 
GX2-2 
GX3-3 
IC1-3 
EC1-3 
BR1-3 
X-Section Area 
Shape+Designation (in)2 
w 12X22 .648E+01 
w 12X22 .648E+01 
w 12X19 .557E+01 
w 6X20 .587E+01 
w 6X20 .587E+01 
EL1L 3.5X3.5X.25 .169E+01 
Ix 
(in)4 
.156E+03 
.156E+03 
.13 0E+03 
.414E+02 
.414E+02 
.201E+01 
106 
Iy 
(in) 4 
.466E+01 
.466E+01 
.376E+01 
.133E+02 
.133E+02 
.201E+01 
Jz 
(in) 4 
.290E+OO 
.290E+OO 
.180E+00 
.240E+00 
.240E+OO 
.386E-01 
B. 7 One-step Analysis Output Data : SODA 
************************************************************************** 
A N A L Y S I S R E S U L T S 
************************************************************************** 
P-Delta Effects: not included 
Sign Convention: Right-Hand-Screw Rule. 
Reactions & Displacements w.r.t. GLOBAL Axis Y 
1-X 
I 
z 
Member-end Forces are w.r.t. LOCAL Axis y 
X 
l!_z 
L o a d C o m b i n a t i o n # 1 
Title: Service Load 
M e m b e r - E n d F o r c e s (w.r.t. local cross-section axes) 
Member 
Name 
4 
5 
9 
10 
14 
15 
2 
7 
12 
1 
6 
11 
Node 
Name 
4 
5 
5 
6 
7 
8 
8 
9 
10 
11 
11 
12 
2 
5 
5 
8 
8 
11 
1 
4 
4 
7 
7 
axial 
(kips) 
1. 475 
-1.475 
-7.987 
7.987 
2.643 
-2.643 
-3.266 
3.266 
4.848 
-4.848 
2.460 
-2.460 
106.670 
-106.670 
69.630 
-69.630 
31.192 
-31.192 
47.434 
-47.434 
30.471 
-30.471 
12.880 
shear 
(kips) 
16.963 
21.287 
21.328 
16.922 
17.591 
20.659 
20.979 
17.271 
12.880 
16.370 
16.606 
12.644 
.057 
-.057 
-.122 
.122 
-.288 
.288 
-1.466 
1. 466 
-2.991 
2.991 
-3.348 
107 
moment 
(kip-ft) 
-25.174 
57.606 
-57.952 
24.904 
-30.681 
53.691 
-55.708 
27.891 
-17.406 
43.579 
-45.027 
15.311 
-.274 
-.292 
.638 
.586 
1. 431 
1. 448 
4.781 
9.876 
15.298 
14.611 
16.070 
Midspan_Moment 
(+ve = cw) 
-30.329 
-30.291 
-29.533 
-29.919 
-24.351 
-24.675 
-.009 
-.026 
.008 
2.548 
-.343 
.668 
LC 
# 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
3 
8 
13 
16 
18 
20 
17 
19 
21 
10 
3 
6 
6 
9 
9 
12 
2 
6 
5 
9 
8 
12 
3 
5 
6 
8 
9 
11 
-12.880 
50.474 
-50.474 
31.077 
-31.077 
12.329 
-12.329 
1. 874 
-1.874 
.553 
-.553 
.567 
-.567 
10.604 
-10.604 
6.336 
-6.336 
3.215 
-3.215 
D i s p 1 a c e m e n t s 
Node 
Name 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Sum 
disp-X 
(in) 
.0000 
.0000 
.0000 
.0075 
.0061 
.0138 
-.0092 
-. 0117 
-.0086 
-.0453 
-.0507 
-.0535 
of Input 
disp-Y 
(in) 
.0000 
.0000 
.0000 
-.0334 
-.0752 
-.0356 
-.0549 
-.1243 
-.0575 
-.0640 
-.1463 
-.0662 
Loads I 
& 
Sum 
3.348 
1. 645 
-1.645 
2.801 
-2.801 
2.932 
-2.932 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
17.406 
-5.676 
-10.777 
-14.127 
-13.884 
-14.007 
-15.311 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
-2.551 1 
.122 1 
-.652 1 
.000 1 
.000 1 
.000 1 
.000 1 
.000 1 
.000 1 
s u p p o r t R e a c t i o n s 
rotn-Z 
(rad) 
.0000 
.0000 
.0000 
-.0031 
.0000 
.0031 
-.0026 
.0000 
.0029 
-.0034 
.0000 
.0037 
force-X 
(kips) 
1. 47 
1. 50 
-10.47 
of Reactions (kips) 
force-Y moment-Z LC 
(kips) (kip-ft) # 
47.43 -4.781 1 
107.71 .274 1 
56.3 6 5. 676 1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
--------------------------------------------------------------------------
force-X 
force-Y 
7.50 
-211.5o 1 
-7.50 
211.50 
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